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TKE MEASUREMENT AND ANALYSIS OF EARTH MOTION 
RESULTING FROM UNDERGROUND ROCK FAILURE
S U M M A R Y
Thu se ism ic  method w^s used to  i n v e s t ig a t e  t h e  e f f e c t s  
o f  underground rock f a i l u r e .  This method i s  p a r t i c u l a r l y  
a t t r a c t i v e  s in c e ,  in  p r i n c i p l e ,  i t  i s  p o s s ib le  to  lo c a te  th e  
focus o f  a v io l e n t  rock f a i l u r e , to  de term ine  th e  q u a n t i ty  
o f  energy ra d ia te d  by the  f a i l u r e ,  and to  de term ine  the 
mechanism of the  f a i l u r e .  The c o n s id e ra t io n s  i n  th e  design  
o f a se ism ic  network a re  g iv en  and the method o f  i n t e r p r e t in g  
th e  d a ta  i s  a lso  d e sc r ib e d .
The se ism ic  network was i n s t a l l e d  a t  the  Harmony Gold 
Mine in  th e  Orange Free S t a t e , and c o n s is te d  of n ine  
seism om eters l in k ed  by means of cable  t o  a 16-channel ta p e -  
r e c o rd e r .  The network o p e ra ted  c o n t in u o u s ly ,  and the  ta p e -  
re c o rd in g s  were p rocessed  on a  re p la y  machine a t  the  
Bernaxu P r ic e  I n s t i t u t e  o f  Geophysical Research.
The. accuracy  w ith  which seism ic  ev en ts  could be lo c a ted  
was -  100 f e e t  w ith  90 p e rcen t  con fidence . During the  f i r s t  
y e a r  o f  re c o rd in g ,  3100 se ism ic  even ts  were lo c a te d  rang ing  
in  magnitude from 1C5 f t . - l b s .  to  10 f t . - l b s .  o f  r a d ia te d  
energy .
I t  was found t h a t  t h e r e  were two d i s t i n c t  groups of 
se ism ic  e v en ts .  95 p e rc en t  of th e  e v e n ts  occurred  a t  an 
e le v a t io n  between th e  r e e f  p lane and a weak band of rock 
300 f e e t  above th e  p la n e ,  i n  which case  85 p e rc en t  were 
above advancing fa c e s  and 10 percent above w orked-out a r e a s .  
The rem ain ing  5 p e rc en t  occurred  in  a confined  group n ea r
/  a d o l e r i t e  . . . .
a d o l e r i t e  s i l l  a t  an e l e v a t io n  of about 2400 f e e t  above 
the r e e f  p la n e . The se ism ic  o b se rv a tio n s  were compared w ith  
some e a r l i e r  s t r a i n  m easurecerts  i n  the  V e n t i l a t io n  S h a f t .  
This comparison showed t h a t  the  e le v a t io n  of th e  se ism ic  
even ts  co incided  w ith  the e le v a t io n  of reg ions  where measured 
e x te n s io n a l  s t r a i n s  in  the rock  exceeded the  o r ig i n a l  
compressive s t r a i n  in  the ro ck . I t  was concluded t h a t  rock 
f a i l u r e  was l im i t e d  to  a zone ex tend ing  to  a h e ig h t  o f  
approx im ate ly  300 f e e t  above th e  e x cav a tio n  and t h a t  the  
zone extended l a t e r a l l y  a s  th e  fa c e s  advanced, excep t t h a t  
rock f a i l u r e  a l s o  occurred  in  a confined reg io n  a t  the  
d o l e r i t e  s i l l .
A la r g e  p ro p o r t io n  of the  se ism ic  even ts  and damage due 
to  ro ck  f a i l u r e  occurred  n ea r  those  fa c e s  which were most 
h ig h ly  s t r e s s e d .  Energy must be r e le a s e d  when the  s i z e  o f  
the  mine ex cav a tio n  in c r e a s e s .  The energy r e l e a s e  p e r  u n i t  
a re a  was compared w ith  damage due to  rock f a i l u r e ,  
s e i s m ic i ty  and the  s to p e  lab o u r  req u irem en ts .  A ll  th e se  
f a c to r s  showed a marked in c re a s e  as the  energy r e l e a s e  r a t e  
in c re a s e d .  I t  was concluded t h a t  the  r a t e  o f  energy r e l e a s e  
i s  a s i g n i f i c a n t  param eter in  p r e d ic t in g  the  magnitude of 
problems a r i s i n g  from rock  f a i l u r e  and th a t  th e se  problems 
a rc  e a s i l y  manageable when the  r a t e  of energy r e l e a s e  i s
Q p
l e s s  than  10 f t . - l b s .  per fathom .
There was no d i f f e r e n c e  in  the  behav iour of se ism ic  
even ts  o f  d i f f e r e n t  s i z e ,  except t h a t  a l l  the even ts  of 
magnitude 107 f t . - l b s .  and 108 f t . - l b s .  occurred a t  dykes. 
Although b l a s t i n g  t r ig g e re d  a l a rg e  number o f e v e n ts ,  more 
than 50 p e rcen t  occurred  well o u ts id e  b l a s t i n g  t i m e , and 
the  r a t e  a t  which seism ic  even ts  occurred  f lu c tu a t e d  q u i te  
w id e ly ,  even when the  r a t e  o f  mining was n e a r ly  c o n s ta n t .
/f ( i l l )
The t o t a l  amount of energy r a d ia te d  by th e  se ism ic  
ev en ts  was fo u r  o rd e rs  o f  magnitude l e s s  than tho c a lc u la te d  
amount o f  energy  re le a s e d  by mining.
Only a  sm all f r a c t i o n  oV th e  damage was accompanied by 
se ism ic  a c t i v i t y ,  which im p lies  t h a t  th e  damage was due to  
f a l l s  o f  rock  which had been f r a c tu r e d  befo re  th e  r o c k f a l l s  
o ccu rred .  The only  manner in  which t h i s  type  of damage can 
be reduced i s  to  reduce th e  e x ten t  o f  th e  f r a c t u r i n g ,  by 
reducing  the  energy r e l e a s e  r a t e ,  o r  by improving the type 
of support  in  th e  s lo p e s .
C urren t th e o r i e s  ahow t h a t  some rock types  can f a i l  
v i o l e n t l y  o r  n o n - v io l e n t ly , depending on the  manner in  which 
th e  rock  i s  lo a d e d . I t  i s  shown t h a t  th e se  t h e o r i e s  may 
e x p la in  the  s t a b l e  development of th e  f r a c t u r e  zone; 
however, the l a r g e  q u a n t i t i e s  of energy th a t  a re  d i s s ip a te d  
s t a b l y  can only  be d i s s ip a t e d  by f r i c t i o n  in  the  f r a c t u r e  
zone; a r e l a t i v e l y  sm all f r a c t u r e  zone i s  re q u ire d  to
d i s s i p a t e  t h i s  energy .
S tu d ies  o f  t h e  mechanism of t h e  seism ic ev en ts  showed 
t h a t  the mechanism was some form of v o lum etr ic  c o l l a p s e .
The mechanism of some of th e  se ism ic  e v e r ts  cou ld , t h e r e f o r e ,  
be a sudden growth in  the f r a c t u r e  zone, th e  c o l la p s e  o f  
f r a c tu r e d  ro ck  n e a r  th e  fa c e  o r  In  worked-out a r e a s ,  o r  the 
sudden f a i l u r e  of a  volume o f rock  s l i g h t l y  removed from 
th e  e x c a v a t io n .  The mechanism of the  seism ic  even ts  near  
th e  d o l e r i t e  s i l l  was no t c l e a r l y  r e s o lv e d ; i t  cou ld , 
however, have te e n  a sh e a r  movement.
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THE MEASUREMENT AND ANALYSIS OF EARTH MOTION
RESULTING FROM UNDERGROUND ROCK FAILURE
S U M M A R Y
The s e is m ic  method vms used to  i n v e s t i g a t e  t h e  e f f e c t s  
o f  underground ro ck  f a i l u r e .  This  method i s  p a r t i c u l a r l y  
a t t r a c t i v e  s i n c e ,  i n  p r i n c i p l e ,  i t  i s  p o s s ib l e  to  l o c a t e  th e  
fo cu s  o f  a  v i o l e n t  rock f a i l u r e ,  to  d e te rm in e  t h e  q u a n t i ty  
o f  energy r a d i a t e d  by th e  f a i l u r e ,  and to  d e te rm in e  the  
mechanism o f  th e  f a i l u r e .  The c o n s i d e r a t i o n s  i n  t h e  design, 
o f  a s e is m ic  netw ork  a r e  g iv e n  and th e  method o f  i n t e r p r e t i n g  
th e  d a t a  i s  a l s o  d e s c r i b e d .
The s e is m ic  netw ork  was i n s t a l l e d  a t  th e  Harmony Gold 
Mine i n  th e  Orange F ree  S t a t e ,  and c o n s i s te d  o f  n in e  
se ism om ete rs  l in k e d  by means o f  c a b le  t o  a  1 6 -c h a n n e l  t a p e -  
r e c o r d e r .  The netw ork  o p e ra te d  c o n t in u o u s ly ,  and th e  t a p e -  
r e c o rd  in g s  were p ro c e s s e d  on a r e p la y  machine a t  th e  
B ernard  P r i c e  I n s t i t u t e  o f  G eophysica l R esea rch .
The a c c u ra cy  w i th  which se ism ic  e v e n ts  cou ld  be lo c a te d  
was -  100 f e e t  w i th  90 p e rc e n t  c o n f id e n c e .  During th e  f i r e t  
y e a r  o f  r e c o r d in g ,  3100 se ism ic  e v e n ts  were lo c a t e d  ra n g in g  
i n  m agnitude  from 10 f t . —l b s .  to 10 f t . —l b s .  o f  r a d i a t e d  
e n e rg y .
I t  was fourri t h a t  t h e r e  were two d i s t i n c t  g ro u t  of 
s e is m ic  e v e n ts .  95 p e r c e n t  of t h e  e v e n ts  o c c u r re d  a t  an 
e l e v a t i o n  bf ween t n  r e e f  p lane  and a weak band o f  rock  
300 f e e t  above t h e  p la n e ,  i n  which c a se  85 p e r c e n t  were 
above a d v an c in g  f a c e s  and 10 p r o  ant above w o rked -ou t a r e a s .  
The rem a in in g  5 p e r c e n t  o ccu r red  in  a c o n f in e d  group n e a r
/  a  d o l e r i t e  . . . .
(11)
a d o l e r i t e  s i l l  a t  an  e l e v a t i o n  of a b o u t  2400 f e e t  above 
th e  r e e f  p l a n e . The s e is m ic  o b s e rv a t io n s  were compared w i th  
some e a r l i e r  s t r a i n  measurements i n  th e  V e n t i l a t i o n  S h a f t .  
T h is  com parison  showed t h a t  th e  e l e v a t i o n  of t h e  se is m ic  
e v e n ts  c o in c id e d  w i th  the  e l e v a t i o n  o f  re g io n s  where measured 
e x t e n s i o n a l  s t r a i n s  i n  the ro c k  exceeded the  o r i g i n a l  
co m p ress iv e  s t r a i n  i n  the  r o c k . I t  was concluded  t h a t  rock 
f a i l u r e  was l im i t e d  to  a  zone e x te n d in g  to  a h e ig h t  o f  
a p p ro x im a te ly  300 f e e t  above th e  e x c a v a t io n  and t h a t  th e  
zone ex tended  l a t e r a l l y  a s  t h e  f a c e s  ad v an ced , ex ce p t  t h a t  
ro c k  f a i l u r e  a l s o  o ccu r red  i n  a co n f in e d  r e g io n  a t  the  
d o l e r i t e  s i l l .
A l a r g e  p r o p o r t io n  of th e  s e is m ic  e v e n ts  and damage due 
to  ro c k  f a i l u r e  o c c u r re d  n e a r  th o se  f a c e s  w hich were most 
h ig h ly  s t r e s s e d .  Energy must be r e l e a s e d  when th e  s i z e  o f  
t h e  mine e x c a v a t io n  i n c r e a s e s .  The energy r e l e a s e  p e r  u n i t  
a r e a  was compared w i th  damage due t o  rock  f a i l u r e , 
s e i s m i c i t y  and th e  s to p e  l a b o u r  r e q u i r e m e n t s . A l l  t h e s e  
f a c t o r s  showed a  marked in c r e a s e  as  th e  energy  r e l e a s e  r a t e  
i n c r e a s e d .  I t  was concluded  t h a t  th e  r a t e  o f  energy  r e l e a s e  
i s  a  s i g n i f i c a n t  p a ra m e te r  i n  p r e d i c t i n g  th e  m agnitude o f  
prob lem s a r i s i n g  from ro c k  f a i l u r e  and t h a t  t h e s e  problem s
a r e  e a s i l y  m anageable  when th e  r a t e  o f  energy  r e l e a s e  i s
o 2
l e s s  than  10 f t . - l b s .  pe r  fathom  .
There  was no d i f f e r e n c e  in  the  b e h av io u r  o f  s e is m ic  
e v e n ts  o f  d i f f e r e n t  s i z e ,  ex cep t  t h a t  a l l  the  e v e n ts  o f  
m agnitude  107 f t . - l b s .  and 10P f t . - l b s .  o ccu rred  a t  dyk es .  
A lthough  b l a s t i n g  t r ? - g e r e d  a l a r g e  number o f  e v e n ts ,  more 
th a n  50 p e rc e n t  o c c u r red  w e l l  o u t s id e  b l a s t i n g  t im e ,  nd 
th e  r a t e  a t  which se ism ic  e v e n ts  o c c u r red  f l u c t u a t e d  q u i t e  
w id e ly ,  even when th e  r a t e  o f  mining was n e a r ly  c o n s t a n t .
/  The . . . .
( H i )
The t o t a l  amount ol energy  r a d i a t e d  by th e  s e ism ic  
e v e n ts  was fo u r  o r d e r s  o f  ruagnltude l e s s  than th e  c a l c u l a t e d  
amount o f  en e rg y  r e l e a s e d  by minxng.
Only a  sm all  f r a c t i o n  o f  th e  damage was accompanied by 
s e is m ic  a c t i v i t y , which im p l ie s  t h a t  th o  damage was due to  
f a l l s  o f  ro c k  which had been f r a c t u r e d  b e fo re  th e  r o c k f a l l s  
o c c u r re d .  The on ly  manner in  which t h i s  ty p e  of damage can 
be reduced  i s  t o  reduce  th e  e x te n t  o f  t h e  f r a c t u r i n g ,  by 
re d u c in g  th e  energy  r e l e a s e  r a t e ,  o r  by im proving the type  
o f  s u p p o r t  i n  th e  s t o p e s .
C u rre n t  t h e o r i e s  show t h a t  <*cme ro ck  ty p e s  can f a i l  
v i o l e n t l y  o r  n c n - v i o l e n t l y , upending on th e  manner i n  which 
th e  ro ck  i s  lo a d e d .  I t  i s  shown t h a t  t h e s e  t h e o r i e s  may 
e x p la i n  th e  s t a b l e  developm ent o f  th e  f r a c t u r e  zone; 
however, th e  l a r g e  q u a n t i t i e s  o f  energy  t h a t  a r e  d i s s i p a t e d  
s t a b l y  can o n ly  be d i s s i p a t e d  by f r i c t i o n  i n  th e  f r a c t u r e  
zone ; a  r e l a t i v e l y  sm all  f r a c t u r e  zone i s  r e q u i r e d  to  
d i s s i p a t e  t h i s  e n e rg y .
S tu d ie s  o f  t h e  mechanism of t h e  se ism ic  e v e n ts  showed 
t h a t  the mechanism was some form o f  v o lu m e tr ic  c o l l a p s e .
The mechanism o f  seme o f  th e  s e is m ic  ev en ts  c o u ld ,  t h e r e f o r e ,  
be a sudden grow th  i n  the  f r a c t u r e  zo n e ,  th e  c o l l a p s e  o f  
f r a c t u r e d  ro c k  n e a r  th e  f a c e  o r  i n  w crked-ou t a r e a s ,  o r  the  
sudden f a i l u r e  o f  a  volume o f  ro c k  s l i g h t l y  removed from 
th e  e x c a v a t io n .  The mechanism of th e  se ism ic  e v e n ts  n e a r  
th e  d o l e r i t e  s i l l  was n o t  c l e a r l y  r e s o l v e d ; i t  c o u ld ,  
however, have been a s h e a r  movement.
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the measurement and analysis of
EARTH MOTION RESULTING FROM 
UNDERGROUND ROCK FAILURE
INTRODUCTION
R o ck b u rs ts  have been a p a r t  o f  South A fr ic a n  go ld  m ining 
l o r  ..ore than  a h a l f - c e n t u r y .  With th e  passage  o f  t im e , 
m in ing  methods have been evo lved  which have a l l e v i a t e d  the  
s e v e r i t y  o f  r o c k b u r s t s .  However, a s  mines become d e e p e r ,  
t h i s  problem t h r e a t e n s  to  become v e ry  s e r i o u s .  I t  has  become 
obv io u s  t h a t  e m p i r i c a l  methods w i l l  no t p ro v id e  a s a t i s f a c t o r y  
s o l u t i o n  ana i n t e n s i v e  r e s e a r c h  has  been launched  a t  a b e t t e r  
u n d e r s ta n d in g  o f th e  r o c k b u r s t  mechanism.
In e a r l y  1)63 , when t h i s  s tu d y  was commenced, th e  
t h e o r i e s  t h a t  had been proposed  and th e  more r e l e v a n t  
o b s e r v a t io n s  which had been p u b l is h e d  a r e  a s  fo l lo w s .  The 
c o n c e p t  o f  a f r a c t u r e  dome was p o p u la r  amongst most mining 
e n g in e e r s .  ^ r e  was no u n i fo r m i ty  i n  t h i s  th e o ry ;  one form 
was th a t  th e  rock  in  the  dome i s  h e a v i ly  f r a c t u r e d  and i s  
h e ld  up by V ousso ir  a r c h e s , and a n o th e r  was t h a t  th e  dome 
i s  a r e g io n  i n  which s t r a t a  s e p a r a t i o n  o c c u r s ,  so t h a t  the  
h a n g in g w a ll  d ev e lo p s  i n to  a number o f  beams ( B icca rd  JePDe) ^  
T h e re  was been c o n s id e r a b le  d i s c u s s i o n  th e  e x te n t  o f  t h i s  
f r a c t u r e  zone ; some b e l ie v e d  t h a t  i t  ex ten d s  r i g h t  th ro u g h  
t o  s u r f a c e  and o th e r s  t h a t  i t  e x ten d s  only  a few te n s  o f  f e e t  
i n t o  the  h a n g in g w a l l .  Dcnkhauc/' )  a t te m p te d  to  p r e d i c t  th e  
sh ap e  o f  th e  f r a c t u r e  dome by u s in g  th e  th e o ry  o f  e l a s t i c i t y  
and a maximum t e n s i l e  and s h e a r  s t r e s s  a s  a f a i l u r e  c r i t e r i o n .  
He concluded  t h a t  th e  h e ig h t  o f  th e  f r a c t u r e  dome would be o f  
th e  same m agnitude a s  the  span  o f  th e  e x c a v a t io n .  Barcza 
and von W i l l ic h   ^  ^ r e p o r te d  some s t r a t a  movement measurements 
made a t  Harmony Gold Mine which showed the  e x t e n t  to  which
/  movements . . . .
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movements o ccu r red  i n  the  h a n g in g w a l l .  These measurements 
were c o n s id e re d  by Denkhaus, H i l l  and Roux<4 ) to  d em o n s tra te  
"an a ln o s t  c l a s s i c a l  developm ent of th e  f r a c t u r e  dome". 
Wi&gi l l (  ^ i n t r o d u c e d  the  con cep t o f  "m a c ro p ln s t ic  flow " 
i n t o  th e  f r a c t u r e  dome th e o r y .  In  t h i s  con cep t the  rock  
behaves  a c c o rd in g  to  some o f  th e  s o i l  m echanics laws and , in  
a d d i t i o n ,  e x h i b i t s  tim e dependent p r o p e r t i e s .  R ockbursts  
were c l a s s i f i e d  b ro a d ly  in to  two c a t e g o r i e s ,  namely, i n t r a -  
d o s a l  and e x t r a d o s a l ,  i . e . , b u r s t s  o r i g i n a t i n g  i n s id e  and 
o u t s id e  th e  f r a c t u r e  zone r e s p e c t i v e l y .  P r e t o r i u s ^  has  
g iv e n  a good d e s c r i p t i o n  o f  some f a c t o r s  i n f l u e n c in g  the  
d i f f e r e n t  ty p e s  of r o c k b u r s t .  U l t r a s o n ic  te c h n iq u e s  were 
used  by P u tsch  and SzendreV  ' 1 to  de te rm in e  th e  e x te n t  o f  
th e  f r a c t u r e  zone su r ro u n d in g  s to p e  f a c e s .  They were a b le  
t o  d e t e c t  f r a c t u r e  p la n e s  a t  a d i s t a n c e  o f  10 f e e t  i n t o  the  
ro c k ,  and showed t h a t  th e  f r a c t u r e  i n t e n s i t y  d e c re a se d  w ith  
d i s t a n c e  i n t o  th e  ro c k .
In  an i n v e s t i g a t i o n  i n to  V i tw a te r s r a n d  E a r th  Tremors, 
Gone, Selifiman and 3 te p h e n (8) found t h a t  t h e s e  trem o rs  had 
t h e i r  o r i g i n s  c lo s e  to  mine w o rk in g s .  A more i n t e n s i v e  
underground  s e is m ic  i n v e s t i g a t i o n  by Cook  ^ ^  r e v e a le d  t h a t  
th e  m a jo r i ty  o f  s e is m ic  e v e n ts  o ccu r  w i th in  100 f e e t  o f  th e  
w orking fa c e  and t h a t  t h e r e  were many more s e is m ic  e v e n ts  
th a n  m a n i f e s t a t i o n s  o f  damage. Between 1963 and 1966, a 
che.nge in  th o u g h t became e v i d e n t , th e  emphasis was ta k e n  
o f f  th e  f r a c t u r e  dome and tu rn e d  to  a sm all  f r a c t u r e  zone 
around the  e x c a v a t io n  w ith  th e  re m a in d e r  of th e  ro ck  b e in g  
c o n t in u o u s  and  n e a r ly  e l a s t i c .  Hoek(1C) has d e m o n s tra ted  
th a t  rock  behaves  e l a s t i c a l l y  up to  f r a c t u r e  and t h a t  th e  
m o d if ied  G r i f f i t h  th e o ry  i s  an ad eq u a te  f a i l u r e  c r i t e r i o n  
u n d e r  s t a t i c  load  c o n d i t i o n s .  O r t le p p  and N l c o l l ^1 1  ^ and 
&yder and O f f i c e r 1  ^ have shown t h a t  th e  movements in  th e  
rock  around an  e x c a v a t io n  a re  s a t i s f a c t o r i l y  p r e d ic te d  by
/  e l a s t i c i t y  . . . .
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e l a s t i c i t y  th e o ry  a p p l ie d  to  a co n tin u o u s  rock mass. The 
developm ent o f  e l e c t r i c a l  a n a lo g u es  baaed on e l a s t i c i t y  
th e o ry  have g iv e n  a d d i t i o n a l  im petus to  the  p re s e n t  
p o p u la r i t y  o f  t h i s  t h e o r y .  F u r th erm o re ,  p u b l i c a t io n s  by 
<*'00^ have led  to  a b e t t e r  u n d e rs ta n d in g  o f  the
b a s ic  m echanics o f  ro ck  f a i l u r e  and r o c k b u r s t s .
The s e is m ic  te c h n iq u e  p rom ises  to  be th e  most f r u i t f u l  
o b s e r v a t i o n a l  method o f  a t t a c k  on the  r o c k b u r s t  problem, 
s in c e  i t  a l lo w s  m easurements o f  rock  movements deep w i th in  
th e  ro ck  mass to  be made. I t  has  t h r e e  very  a t t r a c t i v e  
f e a t u r e s ;  i t  e n a b le s  th e  fo c u s  o f  a v i o l e n t  ev en t  to  be 
l o c a t e d ,  i t  e n a b le s  a q u a n t i t a t i v e  d e te r m in a t io n  o f the  
k i n e t i c  energy  r a d i a t e d  by th e  even t to  be made and i t  i s  
t h e o r e t i c a l l y  p o s s ib l e  to  d e te rm in e  th e  movements t h a t  ta k e  
p la c e  a t  th e  f o c u s .  Fo llow ing  on th e  s u c c e s s f u l  s e ism ic  
ex p er im en t a t  B e t  Rand P r o p r i e t a r y  M ines, L im ited  (E.R.P.M.)  
i t  was d e c id e d  to  s e t  up a second one a t  a d i f f e r e n t  mine.
•he Harmony Gold Mine was s e l e c t e d  because  i t  was prone to  
r o c k b u r s t s  and e a r t h  tre m o rs  and th e  g e o lo g ic a l  environm ent 
d i f f e r e d  from t h a t  a t  E .R .P.M . There was a l s o  th e  f e a r  t h a t  
Harmony might e n c o u n te r  a s e v e re  r o c k b u r s t  problem because 
p r e l im in a r y  s t r e n g t h  t e s t s  showed t h a t  th e  q u a r t z i t e  th e r e  
was s t r o n g e r  th e n  a t  E .R .P.M . I t  wag th ough t t h a t  rock  
f a i l u r e s  a t  Harmony m ig h t,  t h e r e f o r e ,  be more v i o l e n t  th an  
th o s e  a t  E.R .P.M .
The E.R .P.M . s e ism ic  network was d e s ig n e d  to  l o c a t e  
e v e n ts  o c c u r r in g  n e a r  one lo n g w a l l  s to p e .  Harmony i s  a 
c o m p a ra t iv e ly  new mine and th e  w orked-out a r e a  i s  much 
s m a l l e r .  The new se ism ic  netw ork was, t h e r e f o r e ,  a b le  to  
c o v e r  th e  e n t i r e  mine so t h a t  th e  o v e r a l l  rock movement 
p a t t e r n  cou ld  bo d is c e rn e d  w i th o u t  l o s i n g  too  much l o c a t i o n  
a c c u ra c y .  In  a d d i t i o n ,  t  in  network was a rra n g ed  to  o p e ra te  
c o n t in u o u s ly .
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considerations  in  the design  of the s e is m ic  network.
The moot v e r s a t i l e  method o f  r e c o rd in g ,  s t o r i n g  end 
m a n ip u la t in g  d a te  i s  by means o f  t a p e - r e c o r d e r s .  For 
s e is m ic  n e tw o rk s ,  th e  t a p e - r e c o r d e r s  must be m u l t i ­
c h a n n e l le d  to  accommodate a l l  t h e  se ism om eters  and time 
s i g n a l s .  The time s i g n a l s  ta k e  th e  form o f  a sequence o f  
coded p u ls e s  which g iv e  th e  time o f  day a t  any i n s t a n t .
F o r  l o c a t i o n  p u rp o se s ,  the  most c o n v en ie n t  type  o f  re c o rd  
i s  a v i s u a l  one, c o n se q u e n t ly  the  t a p e - r e c o r d e r s  must d r iv e  
a  p h o to g ra p h ic  o s c i l l o g r a p h .  I t  was d e s i r a b l e  to  do a l l  
a a t a  p r o c e s s in g  a t  th e  B ernard  P r i c e  I n s t i t u t e  i n  Johannesburg , 
t h e r e f o r e  i t  was n e c e s s a ry  to  o n e ra te  a r e c o rd  deck a t  th e  
Harmony Mine and a r e - p l a y  deck i n  Johannesbu rg .
Seism om eter L a y o u t:
When a f a i l u r e  o r  e x p lo s io n  o ccu rs  in  ro ck , waves t r a v e l  
ou t r a d i a l l y  from th e  d i s t u r b a n c e .  In  s o l i d ,  homogeneous 
ro ck  th e r e  a r e  two modes o f  wave p ro p a g a t io n ,  namely, 
c o m p re s s io n a l  and s h e a r .  The c o m p re s s io n a l ,  o r  P, wave 
t r a v e l s  f a s t e r  th a n  th e  s h e a r ,  o r  3 wavu. I f  a t  a p o in t  
"em ote from th e  s o u r c e ,  th e  d i f f e r e n c e  i n  t im es  of a r r i v a l  
to P and 3 waves can be m easured , then  th e  d i s t a n c e  
a th e  s o u rc e  to  th e  m easuring  p o in t  can be c a l c u l a t e d .  
i  o r  t h i s  to  be done th e  v e l o c i t i e s  of th e  P and S waves 
must be known. In  p r a c t i c e  i t  i s  n o t  easy  to  d e te rm in e  when 
th e  3 wave a r r i v e s  because  i t  i s  u s u a l l y  obscured  by th e  coda 
of th e  P wave, e s p e c i a l l y  when th e  P-3 i n t e r v a l  i s  s h o r t .  
A l t e r n a t i v e l y , i f  t h e r e  a r e  two m easuring  p o in t s  end the  
d i r e c t i o n  o f  t h e  so u rce  i s  known, the  d i s t a n c e  o f  th e  so u rce  
can be c a l c u l a t e d  u s in g  th e  d i f f e r e n c e  in  t im es  o f  a r r i v a l  o f  
the  P waves a t  the  two m easu ring  p o i n t s .  C o n s id e r  two 
me- e a r in g  p o i n t s  3^ "nd S2 s e p a r a te d  by a d i s t a n c e  2d, th e  
lo c u s  of a s o u rc e  p o in t  which p ro d u ces  a c o n s ta n t  d i f f e r e n c e  
xn the  t im es  o f  a r r i v a l  (d e la y  t im e )  a t  ^  and So, i s  n 
h y p e rb o la .
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fig ure  1
F ig u re  1 snowo a f a m ily  o f  h y p e rb o la s  f o r  d i f f e r e n t  d e lay  
t im e s .  The cu rv es  a r e  f o r  eq u a l  in c rem en ts  i n  d e lay  t im e , 
where th e  d e la y  tim e i s  in  d im e n s io n le s s  form
Delay Time = 2—1 = ?
2d
a = P wave v e l o c i t y
t  = d e la y  tim e i n  seconds
The s p a a in g  between th e  h y p e rb o la s  i s  a measure of th e  
a c c u ra cy  w ith  which a so u rce  p o in t  can be l o c a t e d .  Imagine 
a so u rc e  p o i n t  which can  l i e  anywhere a lo n g  a r a d i a l  l i n e  
from 0 and making an  a n g le  0 w ith  th e  l i n e  S-jSp. Along th e
l i n e  9 = 0 ,  between and the h y p e rb o la s  a r e  normal to
th e  r a d i a l  l i n e  and a r e  c lo s e l y  s p a c e d , the  r e s o l u t i o n  i s  
b e s t  h e re :  o u t s id e  S1 and S2 the  l i n e  i s  c o in c id e n t  w ith
th e  h y p e rb o la  f o r  T = 1 ,  and th e  r e s o l u t i o n  i s  z e ro .  The 
r a d i a l  l i n e  i s  c o in c i d e n t  w ith  th e  h y p e rb o la  T = 0 when 
0 = 90° and th e  r e s o l u t i o n  i s  a g a in  z e r o .  In  g e n e r a l ,  th e  
r e s o l u t i o n  i s  b e s t  a t  sm a l l  an g le s  and c lo s e  to  th e  o r i g i n ;  
th e  h y p e rb o la s  a l l  become a sy m p to t ic  to  r a d i a l  l i n e s  so 
t h a t  a t  l a r g e  d i s t a n c e s  th e  r e s o l u t i o n  ten d s  to  z e r o .  From 
F ig u re  1, i t  can  be sv en  t h a t  th re e  m easuring  p o in t s  a r e  
r e q u i r e d  to  o b t a in  a un ique  l o c a t i o n  i n  a tw o -d im en s io n a l  
s p a c e , and t h a t  f o r  good r e s o l u t i o n ,  th e  t h r e e  m easuring  
p o i n t s  shou ld  l i e  a t  t h e  c o rn e rs  o f  an e q u i l a t e r a l  t r i a n g l e  
which e n c lo s e s  the  s o u r c e .  S im i la r ly  in  th r e e  d im e n s io n s , 
f o u r  m easu r in g  p o in t s  a r e  r e q u i re d  to  p ro v id e  a unique 
s o l u t i o n ,  and th e  optimum c o n f ig u r a t i o n  o f  th e  fo u r  p o in t s  
i s  a t  the  c o r n e r s  o f  a t e t r a h e d r o n  which e n c lo s e s  the  s o u r c e . 
A d d i t io n a l  m easuring  p o in t s  s u r ro u n d in g  th e  so u rc e  w i l l  
g r e a t l y  improve the  a c c u ra c y  o f the  l o c a t i o n .  A c o - p la n a r  
a r r a y  o f  m easu rin g  p o i n t s  w i l l  hove a v e ry  poor r e s o l u t i o n  
and am b ig u i ty  In  a d i r e c t i o n  normal to  th e  p la n e .
In  s e l e c t i n g  th e  s i t e s  f o r  se ism om ete rs  on the  mine, 
th e  o b je c t  was to  e n c lo s e  a s  much o f  th e  mine w orkings os 
p o s s i b l e ,  w i th  t e t r a h e d r a l  a r r a y s  o f  s e ism o m e te rs ................
PLAN OF HARMONY ON A GRID OF 5000 FEET, 
SHOWING THE POSITIONS OF SEISMOMETERS 
1 TO 9 AND THE BOUNDARY OF THE VIRGINIA 
PORTION.
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A VERTICAL SECTION THROUGH HARMONY SHOWING THE POSITIONS OF 
SEISMOMETERS 1 TO 9, THE SURFACE AND THE REEF PLANE.
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F ig u re  2 and F ig u re  3 show th e  p la n  p o s i t i o n  and e l e v a t io n  
o f  t h e  s e l e c t e d  seism om eter s i t e s .  Seism om eters 1 ,  2 ,  3 ,
4 , 5 and 6 were o i l  s i t u a t e d  i n  h a u lag e s  below th e  r e e f  p l a n e , 
7 and 8 were in  in te r m e d ia te  p u m p -s ta t io n s  ha lf -w ay  up s h a f t s ,  
anc 9 was on s iu rfn ce .  Seism om eters 1 , 2, 3 , 7; 3, 4 , 6, 8 ; 
and 2 , 3 , 5, 9 form t h r e e  o v e r la p p in g  t e t r a h e d r a l  a r r a y s .
A ll  th e  se ism om ete rs  were r i g i d l y  f ix e d  i n  th e  ends o f  
d ia m o n d - d r i l l  h o le s  100 f e e t  lo n g ,  to  red u ce  n o is e  from 
a c t i v i t y  i n  th e  h a u lag e s  and to  minimize wave s c a t t e r i n g  
e f f e c t s  from the  h a u la g e s .  Thu s u r f a c e  se ism om eter was f ix e d  
i n  s a n d s to n e  100 f e e t  below s u r f a c e .  A ll  th e  se ism om eters  
were v e r t i c a l  ex ce p t  1 , 4 and 5, which d e t e c t  on ly  h o r i z o n t a l  
m o tio n . This  a r r a y  a l s o  covered  a p o r t i o n  o f  th e  n e ig h b o u r­
in g  V i r g in i a  Mine. A l l  th e  se ism om ete rs  were l in k e d  to  th e  
t a p e - r e c o r d e r  by means o f  tw in  conductor sc ree n ed  c a b l e .
A ll  th e  cab le  was c a r r i e d  i n  s ta n d a rd  e l e c t r i c a l  co n d u i t  f o r  
p r o t e c t i o n  a g a i n s t  t h e f t  and m echan ica l damage. The c o n d u i t  
p ro v id ed  e x t r a  s c r e e n in g  which was an ad v an tag e  s in c e  a l l  
th e  c a b l e s  were in  c lo s e  p ro x im ity  w ith  h ig h  v o l ta g e  power 
c a b l e s .  The t a p e - r e c o r d e r  was s i t u a t e d  underground a t  th e  
17 l e v e l  s t a t i o n ,  3 s h a f t ,  so t h a t  i t  would n o t be n e ce s sa ry  
to  b r in g  a l a r g e  number o f  c a b le s  up the  s h a f t  to  s u r f a c e .
I t  was n e c e s s a ry  to  u se  e x i s t i n g  te le p h o n e  w ire  in  the  
s h a f t s  t o  l i n k  thy  s u r f a c e  se ism om eter and th e  se ism om eters  
i n  th e  pump s t a t i o n s  to  th e  t ^ p ^ - r e c o r d e r .  T h is  r e s u l t e d  in  
a  l a r g e  amount o f  c r o s s - t a l l ;  from te le p h o n e  b e l l  b r in g in g ,  
and a s m a l l  amount o f  c r o s s - t a l k  between se ism om ete rs  8 and 
9 which used th e  same te le p h o n e  c a b le .  The c r o s s - t a l k  from 
the b e l l s  was o f  no consequence s in c e  i t  r a r e l y  o ccu rred  a t  
th e  same time a s  a s e is m ic  e v e n t .  A l to g e th e r  100,000 f e e t  
o f  c a b le  was used  to  j o i n  th e  se ism om ete rs  to  th e  r e c o r d e r .
The se ism om ete rs  were H a l l—S e a rs ,  Model HS—1 w i.h  a 
n a t u r a l  f req u en cy  of 4 .5  c / s .  They have a s e n s i t i v i t y  o f
/  0 .5  v o l t s  . . . .
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0 . 5  v o l t s  p e r  inch  p e r  second w ith  a 1000 ohm lo a d .  The 
freq u e n cy  re sp o n se  o f  th e  se ism om eters  i s  shown in  
Appendix 4 .
R eco rd e r  D e s ig n :
The s e n s i t i v i t y  re q u ire m e n ts  o f  the  r e c o rd in g  system  
a r e  tw o - f o ld .
a )  The f i r s t  m otions o f  the  s e ism ic  e v e n ts  must be sh a rp  
and c l e a r  f o r  good acc u ra cy  and f o r  f i r s t  m otion s t u d i e s .  
T h is  im p l ie s  t h a t  th e  r e c o r d e r  must have a good high 
f req u e n cy  re sp o n se  and high  s e n s i t i v i t y .
b) For energy  d e te r m in a t io n  and mechanism s t u d i e s  by means 
o f  s p e c t r a l  a n a l y s i s ,  the w id e s t  p o s s ib le  bandwidth arai 
low d i s t o r t i o n  a r e  r e q u i r e d .  The most s e r io u s  form o f  
d i s t o r t i o n  i s  s a t u r a t i o n  d i s t o r t i o n ,  t h e r e f o r e  t h i s  
re q u ire m e n t  im p l ie s  a low s e n s i t i v i t y .  A nother form o f  
d i s t o r t i o n  which sometimes o ccu rs  i n  se ism ic  a m p l i f i e r !  
when th e  s i g n a l  l e v e l  becomes h ig h ,  i s  b lo c k in g .
The se ism ic  expe? ^jnent a i E .R .P .X . re v e a le d  t h a t  ;he
m agn itudes  of th e  s e ism ic  e v e n ts  t h a t  cou ld  be s a t i s f a c t o r i l y
x  q
lo c a t e d  ranged  from 10 f t . - l b s .  t o  10 f t . - l b s . , and t n a t
most energy  was c a r r i e d  in  th e  20 c / s  to  ICO c / s  f requency
ra n g e .  The range i n  thu  energy  o f the  e v e n ts  to  be expec ted
i s  10^. S in ce  the  energy  i s  p r o p o r t i o r a l  to  th e  sq u a re  o f
th e  p a r t i c l e  v e l o c i t y  and s in c e  se ism om ete rs  a re  s e n s i t i v e
to  p a r t i c l e  v e l o c i t y ,  th e  range  in  o u tp u t  from th e
s e i s .  om eter w i l l  be 10^ o r  60 db . I t  was a l s o  found t h a t
th e  f i r s t  motion o f  a 10^ f t . - l b .  e v en t  a t  a d i s t a n c e  o f  a
few thousand f e e t  from th e  se ism om ete r caused  an o u tp u t  o f
10 nV from th e  se ism o m ete r .  The low er l i m i t  to  the  bandwidth
was s e t  by th e  se ism om ete r which had a c u t - o f f  j u s t  below
4 .5  c / s .  The u p p e r  l i m i t  was s e t  by a t t e n u a t i o n  o f  s e ism ic
waves i n  r o c k ; o v e r  a d i s t a n c e  o f  4000 f e e t , th e
/  a t t e n u a t i o n  . . . .
a t t e n u a t i o n  o f  a 1000 c / s  wave i s  20 ao more than  t h a t  of 
a low f req u en cy  wave, t h e r e  was c l e a r l y  no p o in t  in  
a t t e m p t in g  t o  r e c o rd  waves of n ig h e r  f req u e n cy .
f i n a l l y ,  th e  r e c o r d e r  was s i t u a t e d  underground and i t  
was c o n v en ie n t  to  g iv e  i t  a t t e n t i o n  only once a day and 
t h e r e f o r e  th e  tape  had to  play f o r  24 h o u rs .  The r e - p la y  
machine had to  run  a t  a h ig h e r  speed th a n  th e  rec o rd  machine 
so t h a t  th e  ta p e s  cou ld  be p lay ed  back in  a normal working 
d ay . A r e - p l a y  speed fo u r  t im es  h ig h e r  th an  th e  re c o rd  speed 
was s e l e c t e d ;  t h i s  had th e  ad v an tag e  t h a t  th e  o u tp u t  from 
th e  r e - p l a y  heads  was fo u r  t im e s  h ig h e r ;  however, ♦ne s ig n a l  
f req u en cy  was a l s o  f o u r  t im es  high r ,  and t h i s  posed 
d i f f i c u l t i e s  i n  t r a n s c r i b i n g  to  a v i s u a l  r e c o r d .  The lo n g e s t
1 .5  m il  ta p e  a v a i l a b l e  was 5000 f t .  lo n g ,  so t h e ;  the  re c o rd  
speed  had t o  be 0 .6  i n s .  pe r  s e c .
The s p e c i f i c a t i o n s  o f  th e  r e c o rd in g  system  w e re :
a )  Record speed  0 .6  i n s / s e c .
b) R e-p lay  speed 2 .4  i n s / s e c .
c )  At l e a s t  10 c h a n n e ls
d) Dynamic range  o f  60 db.
e )  S e n s i t i v e  to  10 uV s ig n a l  i n p u t .
f )  Frequency re sp o n se  from 4 to  1000 c / s .
g) B locking  must r o t  o ccu r  i n  th e  a m p l i f i e r s .
h ) Compromise between h igh  s e n s i t i v i t y  and 
c u t - o f f  d i s t o r t i o n .
No s t a n d a r d  t a p e - r e c o r d e r s  were a v a i l a b l e  w ith  th e se  
s p e c i f i c a t i o n s  and th e  c ; s t  o f  m odify ing  s ta n d a rd  machines 
was found to  be p r o h i b i t i v e . C onsequen tly  m achines h d to  
be d e s ig n ed  and b u i l t .  The b a s ic  f e a t u r e s  o f  t h i s  d e s ig n  
were kept s i m i l a r  to  th o s e  o f  th e  r e c o r d e r  a t  T, .R .P .M . , so 
t h a t  t - p e s  re c o rd e d  a t  E.R.P.M . cou ld  be p ro c e ssed  on the  
new equipment i f  n e c e s s a r y .  The tope  t r a n s p o r t  system  was 
i d e n t i c t 1 w ith  th e  E.R.P.M . sy s tem , ex ce p t  f o r  a change in
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th e  ta p e  t e n s i o n in g  a r ra n g em en t .  The r e c o r d - r e p la y  heads 
were a l s o  i d e n t i c a l  w ith  the  E.R.P.M. r e c o r d e r ; they  were 
E .N . I .  1 6 - t r c c k  heads f o r  a one inch  ta p e .  The r e c o r d -
r e p l a y  c h a r a c t e r i s t i c  of th e u e  heads was 20 db down a t  4 c / s
and 1000 c / s  re c o rd  f r e q u e n c y ,  when th e  tap e  speed was 0 .6  
i n / s e c .  on re c o rd  and 2 .4  i n / s e c .  on r e p l a y .  S ince  th e
d e s i r e d  bandw idth  was 4 c / s  to  1000 c / s ,  i t  was n e t  p o s s ib le
to  make u sa  o f  m odu la tion  te c h n iq u e s  because an even l a r g e r  
bandwidth would have been n e c e s s a r y .
In  g e n e r a l ,  s o p h i s t i c a t e d  te ch n iq u es  o re  r e q u i r e d  to  
o b ta in  a s i g n a l  t o  n o is e  r a t i o  o f  4 0 db . a t  low ta p e  sp eed s ,  
t h e r e f o r e  a dynamic range o f  60 db co u ld  be- a t t a i n e d  by u s in g  
two c h a n n e ls ,  one w ith a g a jn  30 a^ l o s s  th a n  th e  o t h e r ,  and 
each  hav ing  a s ig n a l  to  n o is e  r a t i o  o f  a t  l e a s t  30 db . The 
E .R .P .K . r e c o r d e r  used  B.C. B ia s in g  which r e s u l t e d  i n  a 
s i g n a l  to  n o is e  r a t i o  o f  30 d b .  A.C. b i a s i n g  cou ld  have 
p ro v id e d  an improvement in  th e  s i g n a l  to  n o is e  r a t i o  and a 
s l i g h t  improvement in  the  l i n e a r i t y  a t  the  expense of more 
complex e l e c t r o n i c  c i r c u i t i n g  and a p o o re r  h igh  f req u en cy  
r e s p o n s e .  v.C. B ia s in g  i s  more c r i t i c a l  to  a d ju s tm e n ts  w hile  
D.C. b ia s i n g  i s  more prone to  low frequency  n o is e  caused  by 
d u s t  p a r t i c l e s  on th e  U pe. D.C. b ia s in g  was s e l e c t e d  fo r  
th e  Harmony r e c o r d e r  s in c e  i t  p ro v id ed  th e  ad eq u a te  s ig n a l  
to  n o i s e  r a t i o  of 30 ub and a t o t a l  harmonic d i s t o r t i o n  of 
l e s s  th an  5 p e r c e n t .
There were 16 t r a c k s  a v a i l a b l e ,  n ine  were a l l o c a t e d  to  
h ig h  s e n s i t i v i t y  c h a n n e ls  f o r  each se ism om ete r ,  s i x  to  low 
s e n s i t i v i t y  c h a n n e ls  f o r  s e l e c t e d  se ism o m e te rs ,  and one to  
time s i g n a l s .
B lock ing  of «he a m p l i f i e r s  wrs c ircum ven ted  by no t u s in g  
c a p a c i t o r s  p s  c o u p l in g  e l '- r .o n ts  betw een the  a m p l i f i e r  s t a g e s .  
S ince  a good low f req u en cy  re sp o n se  wee r e q u i r e d ,  the  
a m p l i f i e r  s t a g e s  were d : . re c t  c o u p led .  The in p u t  and o u tp u t
/  s i g n a l  . . . .
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s i g n a l  l e v e l s  on th e  re c o rd  and ru p ln y  s id e s  were i d e n t i c a l ,  
so t h . : t  t h e  re c o rd  rnd re p la y  a m p l i f i e r s  were mode i d e n t i c a l ,  
e x c e p t  f o r  e q u a l i z a t i o n  in  th e  - e p la y  a m p l i f i e r s .  The f i r s t  
two s t a g e s  were d i f f e r e n t i a l  a m p l i f i e r s  which have good 
l i n e a r i t y  and good s t a b i l i t y .  The f i n a l  s t a g e s  were a common 
e m i t t e r  s t a g e  cnu a d r i v e r  s ta g e  f o r  d r iv i n g  th e  3 ohm head s , 
in  th e  c a se  o f  th e  r e c o r d e r ,  and 15 ohm g a lv an o m ete rs ,  in  the  
c a se  o f  th e  r e p la y  d eck . A c i r c u i t  diagram  i s  shown in  
Appendix 4 .
On i n s t a l l i n g  th e  r e c o r d e r  in  th e  mine, two d i f f i c u l t i e s  
a r o s e .  The f i r s t  d i f f i c u l t y ,  which was a n t i c i p a t e d ,  was t h a t  
50 c / s  p ickup  from The mine power su p p ly  n e c e s s i t a t e d  th e  
f i r s t  s ta g e  o f  th e  a m p l i f i e r  b e in g  p la ce d  a t  th e  se ism om eter.  
The second d i f f i c u l t y  was th e  ap p ea ran ce  o f  a s low ly  v a ry in g  
D.C. v o l ta g e  on th e  c a b le  from the  se ism om ete rs  to  the 
r e c o r d e r s .  The so u rce  o f  t h i s  v o l ta g e  was n ev e r  i d e n t i f i e d ;  
how ever, i t  ap p ea red  to  be ruJ --ted to  underground e l e c t r i c  
lo c o m o t iv e s .  This v o l ta g e  u p se t  th< o p e r a t io n  o f  the d i r e c t  
co u p led  a m p l i f i e r  s t a g e s ,  and c o u p l in g  t r a n s fo rm e rs  had to  
be in t r o d u c e d  a t  each end o f  th e  c a b le .
The o s c i l l o g r a p h  used  was a H a l l -S u a rs  2 4 -ch an n e l  
g a lv an o m e te r  t y p e , th e  n a t u r a l  f req u en cy  o f th e  ga lvanom ete rs  
was 500 c / a .  The re c o rd  was produced on 1 0 -inch  wide photo­
g ra p h ic  p 'tpe1”. The maximum p ap e r  speed was 15 i n s / s e c .
I t  was n e c e s sa ry  t o  know th e  time a t  which s e is m ic  e v e n ts
o ccu r  so t h a t  they  cou ld  be c o r r e l a t e d  w i th  m ining a c t i v i t y ,
ro c k b u rs  „s and e a r th  t r e m o r s . a d i g i t a l  c lo ck  was des ig n ed
f o r  t h i s  p u rp o se .  The c lo ck  produced a sequence of te n
b in a ry  coded p u ls e s  r e p e a te d  t h r e e  t im es  a second . The
f i r s t  p u ls e  was a m arker p u lse  and was s l i g h t l y  b ig g e r  th a n
th e  o t h e r s ,  th e  rem a in in g  n ine  p u ls e s  d iv id e d  th e  day i n to  
q
2 p a r t s ,  i . e . , a p p ro x im a te ly  2 .8  m in u te s .  The c lo ck  
t h e r e f o r e  gave th e  tim e to  th e  n e a r e s t  1 .4  m in u te s .
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FIGURE 4 RECORD OF TWO SEISMIC EVENTS SEPARATED BY H7 SECONDS. TRACES MARKED V 
ARB PARTICLE VELOCITY, AND TRACES MARKED F ARE ENERGY FLUX. THE PULSE. 
TRACE REPRESENTS THE TIME IN CODE.
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In  f i g u r e  4 ,  th e  second t r u c e  from th e  bottom i e  th e  time 
t r a c e  and th e  code i n d i c a t e s  t h a t  th e  tim e i a  11 .03  a.m .
The s p a c in g  between the  p u ls e s  woe 25 m i l l i s e c o n d s ,  so t h a t  
th e  c lo c k  a l s o  se rv e d  a s  a f requency  r e f e r e n c e  in  o rd e r  to  
check  t h a t  th e  speed  o f  th e  re c o rd  deck , t h e  r e p la y  deck and 
th e  o s c i l l o g r a p h  rem ained  c o n s t a n t .  The t im e  code a lso  se rv ed  
a s  a p o s i t i o n  r e f e r e n c e  a lo n g  th e  l e n g th  o f  th e  to p e ;  fo r  
example, i f  i t  was d e s i r e d  t o  re -exam ine  a  s e is m ic  even t f o r  
f u r t h e r  p r o c e s s in g ,  i t  was on easy  m a t te r  to  f in d  th e  even t 
by lo o k in g  f o r  th e  tim e a t  which i t  o c c u r re d .
The heada on th e  re c o rd  deck  were a l ig n e d  r e l a t i v e  to  
th e  heads  on th e  r e p la y  dock such  t h a t  when a p u ls e  was 
s im u l ta n e o u s ly  a p p l io d  to  a l l  c h a n n e ls  on th e  re c o rd  deck , 
th e  s t a g g e r  between s i g n a l s  on a tim e base was l e s s  th an  one 
m i l l i s e c o n d  on th e  p h o to g rap h ic  r e c o r d .  Bach ch an n e l  o f  the  
e n t i r e  r e c o r d in g  system  was c a l i b r a t e d  f o r  am p li tu d e  and 
f re q u e n c y  re sp o n se  and se n se  o f  f i r s t  m otion . S tan d a rd  s i g n a l s  
from a low impedance s i g n a l  g e n e r a to r  were a p p l ie d  in  p a r a l l e l  
w ith  each se ism o m ete r  i n  th e  mine, so t h a t  th e  e n t i r e  system 
was c a l i b r a t e d .  To c a l i b r a t e  f o r  s en se  o f  f i r s t  m otion, 
p o s i t i v e  p u l s e s  were a p p l i e d  to  th e  p o s i t i v e  t e r m in a ls  o f  
th e  se ism om ete rs  and the d i r e c t i o n  o f  m otion o f  th e  
o s c i l l o g r a p h  t r a c e  was o b se rv e d .  F ig u re  5 shows th e  o v e r a l l  
f r e q u e n c y  re sp o n se  o f  th e  sy s tem , in c lu d in g  th e  frequency  
re s p o n se  o f  t h e  se ism o m e te rs .  The bandwidth was n a r r o ^ r  
th a n  in te n d e d ;  however, i t  was ad eq u a te  f o r  en erg y  
d e te rm in .  t i o n s  and s p e c t r a l  a n a l y s i s ,  s in c e  most o f  the  
e n e rg y  i s  c a i r i e d  i n  th e  20 to  100 c / s  r a n g e ,
/  FIGURE 5.
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An e l a b o r a t e  t r i g g e r  system was b u i l t  in to  th e  re p la y  
sy s tem . The purpose o f  th e  t r i g g e r  was to  s e t  th e  o s c i l l o ­
g raph  i n  m otion  whenever an e v en t  o c c u r re d ,  so t h a t  the  event 
co u ld  be r e c o rd e d  a u to m a t i c a l l y .  I t  was in te n d e d  t h a t  th e  
t r i g g e r  sh o u ld  s e l e c t  on ly  ev en ts  t h a t  cou ld  be l o c a t e d ,  
t h e r e f o r e  a t r i g g e r  was produced only  when th e re  was a s i g n a l  
p r e s e n t  on fo u r  o r  more ch an n e ls  and on c o n d i t io n  t h a t  th e s e  
s i g n a l s  o c c u r re d  w i th in  1 /8  second o f  each o t h e r .  ( 1 /8  second 
was th e  r e p la y  t r a v e l  t im e  o f a P wave between th e  most w idely  
spaced  s e is m o m e te rs ) .  The t r i g g e r  o p e ra te d  s a t i s f a c t o r i l y  in  
s e l e c t i n g  s e is m ic  ev en ts  re c o rd e d  on the  m agnetic  t a p e ;  
however, i t  was r e j e c t e d  because numerous f a l s e  t r i g g e r s  
r e s u l t e d  a t  b l  s t i n g  tim e in  the  .nine and from t r a n s i e n t s  
p ro b a b ly  caused  by th e  s to p p in g  and s t a r t i n g  o f  e l e c t r i c  
lo c o m o tiv e s  u n d e rg ro u n d . M o n ito r in g  by e a r  was found to  be 
s u p e r i o r ;  s e i s m ic  e v e n ts  were r e a d i l y  d i s t i n g u i s h a b l e  from 
o t h e r  s i g n a l s  and w ith  a l i t t l e  e x p e r ie n c e  i t  was p o s s ib le  
to  e s t im a te  th e  m agnitude o f  the  e v e n t .
I t  was a lso  found th at p la y in g  th e  ta p e  bock in  6 hours  
or 4 tim es record ing spued, resu lted  i n  a b u i ld - u p  o f  
unplayed ta p es . The replay speed was changed to  8 t im es the 
recording speed fo r  m onitoring purposes, and when a s e ism ic  
ev en t  occurred, the speed was switched back to 4 tim es f o r  
making the photographic record.
/  DATA PROCESSING............
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data processing
Th.s lo c a t io n ,  o f  Events
The method of l o c a t i n g  so ism ic  e v en ts  has  been d e s c r ib e d  
by Cook( 9 ) . The method makes use  o f  a d ev ice  known a s  th e  
" l o c a t o r " ,  F ig u re  6 . The l o c a t o r  i s  an analogue  computer 
and i s  a s p a t i a l  s c a l e  model of t h e  se ism om eters  i n  the  mine. 
The t i p s  o f  th e  v e r t i c a l  ro d s  r e p r e s e n t  to  s c a l e  the  p o s i t i o n s  
o f  th e  s e ism o m e te rs .  S t r i n g s  pass  up each  ro d  and run  ov»r 
p u l l e y s  so t h a t  th e y  heng down in  f r o n t  o f  a s c a l e  on the  
w a l l .  The s c a l e  i s  c a l i b r a t e d  i n  f e e t  and each d i v i s i o n  
r e p r e a e r c s  200 f e e t .  A s t r i n g  can be p u l le d  out from each 
se ism om eter p o s i t i o n  and th e  l e n g th  t h a t  i s  p u l le d  out can 
be measured by th e  m otion  o f  an i n d i c a t o r  a t t a c h e d  to  th e  
s t r i n g ,  a s  i t  moves over th e  s c a l e  on th e  w a l l .
/  FIGURE 6 .............
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To c a r r y  out a l o c a t i o n  f o r  a se ism ic  e v e n t ,  the 
d i f f e r e n c e s  i n  t im es  o f  a r r i v a l  (d e la y  t im es)  o f  P waves a t  
each  se ism om eter e r e  d e te rm ined  from th e  p h o to g rap h ic  r e c o r d .  
These d e lay  t im e s  a re  co n v e r ted  i n t o  d i f f e r e n c e s  in  d i s t a n c e s  
o f  th e  s e is m ic  e v e n t  from the se ism o m e te rs ,  by m u l t ip ly in g  
th e  d e la y  t im e s  by th e  P wave v o i o c i t y .  The i n d i c a t o r s  a re  
th e n  a d ju s t e d  to  co rre sp o n d  to  th e  d i f f e r e n c e s  i n  d i s t a n c e s  
f o r  each se ism o m ete r .  The :us o f  the  ev en t  can th e n  be 
lounri by j o i n i n g  a l l  the  s t r i n g s  t o g e th e r  end m a n ip u la t in g  
th e  common p o in t  such  t h a t  a l l  th e  i n d i c a t o r s  form n 
h o r i z o n t a l  s t r a i g h t  l i n e .  The p o s i t i o n  of th e  coamon o o in t  
r e p r e s e n t s  th e  p o s i t i o n  o f  the  fo c u s  and the  p o s i t i o n  whore 
a l l  th e  i n d i c a t o r s  l i n e  up r e p r e s e n t s  the  tim e o f  o r i g i n  o f  
th e  s e ism ic  e v en t  to  a s u i t a b l e  s c a l e .  The l o c a t i o n  so 
o b ta in e d  i s  c e l l e d  th e  f i r s t  l o c a t i o n .
In  p r a c t i c e  th e  v e lo c i  v f  th e  P waves v a r i e s  a lo n g  
d i f f e r e n t  p a th s  on accoun t of the  n o n -u n ifo rm ity  o f  th e  
g e o lo g ic a l  s t r a t a  and on account of th e  f r a c t u r e d  ro ck  c lo s e  
to  th e  e x c a v a t io n .  I d e a l l y  thu v e l o c i t y  of p ro p a g a t io n  should  
be d e te rm in ed  f o r  each p a th  to  a se ism om ete r ,  i . e . ,  f o r  each 
se  s m ic a l ly  c t i v e  a r e a  i n  th e  m ine . The P wave v e l o c i t y  was 
d e te rm in ed  f o r  t h r e e  r e g io n s  in  th e  mine c o r re sp o n d in g  to  each 
o f  th e  t h r e e  t e t r a h e d r a l  se ism om eter a r r a y s . Two 20 l b .  
e x p lo s iv e  c h a rg e s  were f i r e d  in  each s h a f t  p i l l a r  and a 100 l b .  
c h a rg e  was f i r e d  i n  a s to p e  c e n t r a l l y  s i t u a t e d  in  the  mine.
A se ism om ete r was p laced  c lo s e  to  th e  charge  and connec ted  
to  th e  t a p e - r e c o r d e r  so t h a t  th e  tim e o f  o r i g i n  could  be 
d e te rm in e d .  The Table  below shews th e  v e l o c i t i e s  o b ta in e d .
/  T a b le . . .
Seism om eter 3 S h a f t  B la s t  
a f t / s e c . 2 S h a f t  B la s t  a f t / s e c .
Stope B la s t  
a f t / s e c .
1
18 .700
18.700 
18 ,400
2
3 18,900
19.000
19.000
4
5 18,300
9
8
7
19,250
19,000
17,400
18,800
19,800
19,700
18,000
The low v a lu e  o b ta in e d  f o r  se ism om eter 5 i n  the  case  
o f  th e  s to p e  b l a s t  a ro s e  because  t h i s  se ism om eter was c lo s e  
to  th e  b l a s t  and th e  P wave th e r e f o r e  t r a v e r s e d  a h igh  
p r o p o r t io n  o f  f r a c t u r e d  ro c k .  The 20 l b .  charge  was found 
to  be r a t h e r  s m a l l ;  i n  the  case  o f  +he 2 s h a f t  b l a s t  th e  
t i r s t  m otion  a t  se ism om eters  3 and 5 was no t p e r f e c t l y  c l e a r  
and th e s e  me su rem euts  a r e  s u b j e c t  to  some d o u b t .  Seismometers 
1 to  6 d e te rm i  le tn e  p lan  p o s i t i o n  o f  an even t c lo s e  to  th e  
r e e f  p la n e .  Remarkably c o n s i s t e n t  r e s u l t s  were o b ta in e d  on 
th e  l o c a t o r  when a va lue  o f  19 ,000  f t / s e c .  was used f o r  a l l  
t h e s e  s e ism o m e te rs ,  and t h i s  v a lu e  was c o n se q u e n t ly  adop ted  
« a th e  p wave v e l o c i t y  in  th e  v i c i n i t y  of th e  r e e f .
Seism om eters  7 , 8 and 9 d e te rm in e  the  e l e v a t i o n  of s e ism ic  
e v e n ts  c lo s e  to  th e  r e e f  p l r n e . The v e l o c i t y  to  th e se  
se ism o m ete rs  d i f f e r e d  by a f e w  p e rc e n t  from 1 9 , 0 0 0  f t / s e c . , 
so t h a t  th e  f i r s t  l o c a t i o n  i s  s l i g h t l y  in  e r r o r .  A second 
l o c a t i o n  can be o b ta in e d  a s  f o l lo w s :  S ince  the  approx im ate
tim e o f  o r i g i n  o f  th e  s e is m ic  even t has  been d e te rm ined  from 
th e  f i r s t  l o c a t i o n ,  the  t r a v e l  time t o  each se ism om eter i s  
known. Thu d i f f e r e n c e s  i n  d i s t a n c e  to  each se ism om eter can 
be o b ta in e d  more a c c u r a t e l y  by m u l t ip ly in g  each  t r a v e l  time
by th e  c o r re sp o n d in g  c a l i b r a t e d  v e l o c i t y .  These c o r r e c t e d  
d i f f e r e n c e s  i n  d i s t a n c e  a r e  then  a p p l ie d  to  th e  l o c a t o r  to  
y i e l d  th e  second lo c a t i o n  and a b e t t e r  ap p ro x im a tio n  to  the  
tim e o f  o r i g i n ,  so t h a t  o t h i r d  l o c a t i o n  con be o b ta in e d .
In  P r a c t i c e  t h e r e  i s  no ad v an tag e  i n  o b ta in in g  a t h i r d  
l o c a t i o n  s in c e  th e  v e l o c i t i e s  o re  n o t  s u f f i c i e n t l y  w e l l  known 
and becau se  th e r e  i s  f r e q u e n t ly  d i f f i c u l t y  in  d e te rm in in g  th e  
tim e o f  i r n v  1 o f  the  P wave a t  each se ism o m e te r . approx­
im a te ly  30 p e rc en t  o f  t h e  f i r s t  m otions s t a r t  i n  on in d ec is iv e  
raannur, w ith  th e  r e s u l t  t h a t  in  10 p e rc e n t  o f  th e  c a s e s  very 
l i t t l e  improvement i s  a t t a i n e d  when making a second l o c a t i o n .  
The l o c a t i o n  o b ta in e d  i s  i n  e f f e c t  a l e a s t  sq u a re s  s o l u t i o n  
to  th e  fo cu s  o f th e  e v e n t .  This comes about in  th e  fo llow in g  
way. Because the  system  i s  l i n e a r ,  th e  l e a s t  sq u a res  so lu tio n  
t o  the  tim e o f  o r i g i n  i s  th e  a r i t h m e t i c  averag e  o f  the  
p o s i t i o n s  o f  th e  i n d i c a t o r s  on the  l o c a t o r  and s in c e  i t  i s  
/ e r y  e asy  to  e s t im a te  when th e  i n d i c a t o r s  form th e  b e s t  
h o r i z o n t a l  s t r a i g h t  l i n e ,  th e  s o l u t i o n  i s  e f f e c t i v e l y  a l e a s t  
s q u a r e s  one . A f te r  th e  second l o c a t i o n  the  c o - o r d in a t e s  of  
th e  fo cu s  were found to  be a c c u r a te  to  w i th in  -  100 f e e t  w.th  
9 0  c o n f id e n c e .  For th e  m a jo r i ty  o f  th e  s e is m ic  e v e n t s ,  only  
th e  w i r s t  l o c a t i o n  was o b ta in e d .  The seism om eters  were 
d i s t r i b u t e d  o v e r  a r e g io n  1 1 ,0 0 0  f t .  w ide, so t h a t  t h i s  
a c c u ra c y  c o r re sp o n d s  to  an o v e r a l l  m easu ring  a c c u ra c y  of -  Ijt.
S ince  th e  se ism om eter d i s t r i b u t i o n  and th e  v e l o c i t y  
d i s t r i b u t i o n  i s  a sy m m etr ica l  w ith  r e s p e c t  to  the  r e e f  p la n e ,  
an  e r r o r  i n  the  v e l o c i t y  c a l i b r a t i o n  would r e s u l t  i n  b ia se d  
l o c a t i o n s ,  a method h as  been d e v ise d  which e n a b le s  the  
v e r t i c a l  p o s i t i o n  ( e l e v a t i o n )  o f  a s e ism ic  ev en t  to  be 
d e te rm in e d  independently  o f th e  v e l o c i t y  c a l i b r a t i o n .  The 
method i s  d e s c r ib e d  in  Appendix 1 , and some examples a r e  
shown; t h e r e  i s  good agreem ent between t h i s  method and th e  
e l e v a t i o n s  d e te rm ined  by the  v e lo c i ty  c a l i b r a t i o n s .
/  Energy . . . .
For t he s p h a r i c a l  r a d i a t i o n  of 
t o t a l  enurgy  r a d i a t e d  i s ,
sel inic nergy, the
B * ro 4’ f C T ’  v ‘  I t  .........  (1)
. h e r e  V = inatan t& neoua p c r t i c l e  v e lo c i ty  a t  c d i s t a n c e
r  from th e  focus  
C = a o r  0 
& — P wave v e l o c i t y  
9 = S wave v e l o c i t y  
P = d e n s i t y  of medium
A ll  th e  te rm s  on th e  r ig h t -h a n d  s id e  of (1) a re  known, fhe 
d e n s i t y  o f  q u a r t z i t e  i s  167 l b s / f t 5, and r  i s  obtained from 
the  l o c a t o r .  The averag e  P wave v e l o c i t y  is  19,000 f t , / s e c .
and the b wave v e l o c i t y  can be c a l c u l a t e d  from
A se ism om ete r  only  g iv e s  th e  component o f  t h e  p a r t i c l e  
v e l o c i t y  a lo n g  th e  a x i s  of th e  seismome e r ,  so  t h a t  th e  
a n g le  o f  in c id e n c e  o f  th e  waves a t  tho seism om eter has  t o  be 
e te rm in ed  from th e  l o c a t o r .  The a n g le  o f  p o l a r i z a t i o n  of 
th e  3 wave i s  n o t  known; however, the energy i s  de te rm ined  
from v e r t i c a l  and h o r i z o n t a l  se ism o m e te rs ,  so t h r t  th e  mean 
v a lu e  i s  n o t  s e r i o u s l y  in  e r r o r .
An e l e c t r o n i c  d e v ice  was d e s ig n ed  t o  perform  th e  
o p e r a t io n  V* d t  where t = 1 /2  s e c .  A c i r c u i t  diagram i s  
shown in  Appendix 4 . The d io d e s  o p e ra te  n o n - l i n e a r l y  and 
b c c k - to -b o c k  so t h a t  a l l  odd harm onics  c a n c e l ,  th e  o u tp u t  
i s  then  p r o p o r t i o n a l  to th e  sq u a re  of th e  s i g n a l .  The 
s q u a r in g  i s  very  good ov e r  th e  ran g e  o f sigs a l s  a p p l ie d  to
* 0 .641 a ( 2 )
where v -  P o i s s o n 's  R a t io
= 0 .15  f o r  q u a r t z i t e .
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th .  o u tp u t  o f  th e  d ev ice  co rre sp o n d s  to  the envelope  o f  th e  
energy f l u x .  E ig h t  d e v ic e s  were c o n s t r u c te d  and connected
o u tp u ts  Oi the  re p la y  deck co rre sp o n d in g  to  seism om eter; 
1 to  8 . The s u r f a c e  se ism om eter was n o t  used  f o r  energy 
d e te r m in a t io n s  s in c e  th e  am p li tu d e  of v i b r a t i o n  n e a r  a f r e e  
s u r f a c e  i s  g r e a t e r  th a n  in  th e  s o l i d  ro ck  f a r  from a f r e e  
s u r f a c s .  The o u tp u ts  o f  t h e  e ig h t  s q u a r in g  d e v ic e s  wore 
a p p l ie d  to  t h e  rem a in ing  8 ch an n e ls  o f  th e  24-channel 
o s c i l l o g r a p h .  The whole system  was c a l i b r a t e d  by applying  
s i g n - I s  o f  known am p li tu d e  t  th e  se ism om eter t e r m in a l s  and 
m easuring  th e  o u tp u ts  o f  each sq u a r in g  d e v ice  on the photo­
g ra p h ic  r e c o r d ,
J ig u r e  4 shows two e v e n ts  o f  magnitude 1 0 4 f t . - l b s .  and 
x 1 0 4 f t . - l b s .  t h a t  o ccu rred  w i th in  21/2  seconds o f  one
a n o th e r .  The t r a c e s  marked F a r e  those  o f  th e  energy  f lu x  
and th o s e  marked V o re  th e  p a r t i c l e  v e l o c i t y ;  th o se  in  
p a i r s  a r e  th e  low s e n s i t i v i t y  and th e  h igh  s e n s i t i v i t y  
c h a n n e ls  of £ se ism o m e te r . Most o f  th e  energy  i s  c a r r i e d  
i n  th e  S wave.
The energy  was c a r e f u l l y  de te rm ined  f o r  about 50 s e ism ic  
e v e n ts  c o v e r in g  th e  f u l l  m agnitude ra n g e .  These e v e n ts  were 
th en  reg a rd ed  a s  s ta n d a rd s  and o i l  o th e r  e v e n ts  were compared 
w ith  th e s e  to  e s t im a te  th e  m agnitude , which was th e n  e s t im a te d  
to  the  n e a r e s t  o rd e r  of m agnitude . A s im ple  r u l e  o f  thumb 
became op; : r v n t ;  th e  magnitude was te n  t im es  g r e a t e r  i f  th e  
d u r a t i o n  o f  th e  wave t r a i n  was about tw ice  os lo n g . I t  was 
found t h a t  th e  energy  d e te rm ined  by the  d i f f e r e n t  se ism om eters  
d i f f e r e d  by os much as  o f a c t o r  o f  5 f o r  most e v e n ts .  This 
v a r i a t i o n  was a n t i c i p a t e d  s in c e  i t  was no t expocced t h a t  th e  
r a d i a t i o n  would bo s p h e r i c a l .  The mean o f  th e  e ig h t  v a l u e s , 
however, gave a good q u a n t i t a t i v e  e s t i n t  ce o f  th e  energy  
r e l e a s e d  s e i s m i c o l l y .
/  Mechanism. . . .
Mechanise s tu d ies , .
There o re  two complementary te c h n iq u e s  which have been 
used  w ith  some su c c e ss  in  s tu d y in g  e a r th q u ak e  mechanisms, 
nam ely, F i r s t  Motion A n a ly s is  and S p e c t r a l  A n a ly s is .
F i r s t  Motion^an o i y g i s . This te ch n iq u e  i s  based on the
t a c t  t h a t  t h e  sen se  o f m otion a t  a d i s t a n t  p o in t  i s  r e l a t e d  
to  th e  m otion  a t  th e  fo c u s  o f  a s e ism ic  s o u rc e .  T h e o r e t i c a l l y  
i t  i s  p o s s ib l e  to  de te rm in e  the  com plete  i n i t i a l  motion and 
t h e r e f o r e  th e  mechanism a t  th e  fo c u s ,  by d e te rm in in g  th e  f i r s t  
m otion  a t  a l a r g e  number o f  p o in t s  around th e  fo c u s .  The 
th e o ry  of f i r s t  m otion has been g iven  a u t h o r i t a t i v e l y  by 
iih9Po f C and ( f i l b e r t i n  which they  d e a l  w ith  a l l  p o s s ib le  
m echanism s. The main c o n c lu s io n s  o f  t h i s  th e o ry  a re  g iv en  
th e  s e c t i o n  im m edia te ly  p re c ed in g  th e  s e c t i o n  on f i r s t  
m otion  r e s u l t s .
.he method o f f i r s t  m otions i s  to  d e te rm in e  w hether th e  
f i r s t  m otion  a t  each se ism om ete r i s  e i t h e r  com pression  o r  
r a r e f a c t i o n  and th e n  t o  f i t  th e  f i r s t  m otions o f a l a r g e  
number o f  se ism om ete rs  to  one o f  th e  f i r s t  m otion  p a t t e r n s  
p roduced by d i f f e r e n t  mechanisms. Only P wave f i r s t  m otions 
cou ld  be examined i n  t h i s  s t u d y , s in c e  the  S wave f i r s t  m otion 
was o b scu red  by th e  coda o f th e  P wave.
A c e n t r a l  p r o j e c t i o n  i s  use'* to  r e p r e s e n t  th e  t h r e e -  
d im e n s io n a l  d i s t r i b u t i o n  o f  se ism om ete rs  on p a p ^ r , This 
p r o j e c t i o n  i s  o b ta in e d  as  f o l lo w s :  th e  p lan e  o f  th e  p ap e r
( p r o j e c t i o n  p la n e )  i s  h o r i z o n t a l  and a t  u n i t  d i s t a n c e  above 
th e  fo cu s  o f  th e  s e ism ic  e v e n t .  The normal l i n e  from th e  
fo c u s  to  th e  p lan e  i n t e r s e c t s  the  p lane  a t  0 . A s t r a i g h t  l i n e  
from th e  fo cu s  to  th e  se ism om ete r i s  drawn to  i n t e r s e c t  th e  
p lan e  in  P, t h i s  l i n e  makes an an g le  0 with th e  normal f r i  j 
th e  fo cu s  to  th e  p la n e .  P i s  th e  p r o j e c t i o n  o f  the  
se ism o m ete r  and 0 i s  the  p r o j e c t i o n  o f  th e  fo cu s  on th e  p la n e .
The d i s t a n c e  OP i s  g iven  by 
OP = t a n  0
The p r o j e c t i o n  i s  b e s t  s u i t e d  to  an a r r a y  o f  seism om eters  
i n  one h a l f - s p a c e  o n ly .  In  th e  seism om eter l a y o u t  a t  Harmony, 
,0r‘lL oCiamorati 'te rs  l i e  i n  the  h a l f - s p a c e  above th e  fo c i  o f  the  
s e is m ic  e v e n t s .  In  th e  case  o f  th e  se ism om eters  in  the: low er 
h a l f - s p a c e ,  0 i s  s l i g h t l y  g r e a t e r  th an  90°, i . e . ,  0 ^ 90° + 6 
where 6 I s  s m a l l .  These seism om eters  have been p lo t t e d  i n  the  
c e n t r a l  p r o j e c t i o n  a s  though 0 = 90° - 6  and th e  p ro je c te d  
p o in t  has been  marked -v e  to  i n d i c a t e  t h a t  t t e  se ism om eter 
l i e s  i n  the  low er h a l f - s p a c e .
The main re a so n  fo r  choosing  t h i s  p r o j e c t i o n  i s  t h a t  a 
p lan e  p a ss in g  th rough  th e  focus  p r o j e c t s  as  a  s tr a ig h t  l in e .  
The d i r e c t i o n  o f  thv  l i n e  c o rre sp o n d s  to  the  s t r i k e  d i r e c t i o n  
o f  th e  p la n e ,  and th e  d i s t a n c e  o f  th e  l i n e  from 0 g iv e s  the  
an g le  of d ip  o f  th e  p la n e .  In th e  r a d i a t i o n  p a t t e r n  f o r  s h e a r  
movements, r e g io n s  o f  com press ion  and r a r e f a c t i o n  a re  d iv id e d  
by two p la n es  which pass  th ro u g h  th e  fo cu s  and i n t e r s e c t  a t  
r i g h t  a n g l e s .  I f  0^ and 0^ , a r e  the  an g le s  o f  d ip  of th e  tuo  
p la n e s ,  then  th e  an g l '  9 between the  two s t r a i g h t  l i n e s  which 
form th e  p r o j e c t i o n s  of th e  two p la n e s  i s  g iv en  by
Cos 9 = t a n  0^ t a n  0 2   ( 3 )
This  r e l a t i o n s h i p  i s  d e r iv e d  i n  Appendix 2 . Now Cos 0 < 1 , 
t h e r e f o r e  a t  l e a s t  one of ta n  01 and t a n  0? i s  l e s s  th an  one. 
This im p l ie s  t h a t  a t  l e a s t  one p r o j e c t i o n  l i n e  must pass  0 a t  
a d i s t a n c e  l e s s  than  u n i t  d i s t a n c e .  Th is  c o n d i t io n  i s  o f  
im p o r tan ce  i n  e s t a b l i s h i n g  or r e j e c t i n g  th e  s h e a r  mechanism 
a s  a mechanism f o r  s e ism ic  e v e n ts  in  m ines . The s h e a r  
mechanism has  been found to  be th e  most common ty p e  o f 
e a r th q u a k e  mechanism.
/  S p e c t r a l  ...........
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SUB.c tr a l  a n U y m m . This te c h n iq u e ,d a  used to  determine 
the  e x te n t  o f  r u p tu r e  end la  In  I t s  In fa n c y ;  i t  has only 
been used  s u c c e s s f u l l y  m  a f „ .  c a s e s  f o r  e a r th q u ak e s  
fSSSzEsnahem and J C k s o s ) I n th e se  c a s e s  th e  a n a ly s i s  . a s  
done by means o f  s u r f a c e  , a v e s .  The th e o ry  f o r  body .a y e s  
has  been examined by H l r a s c .a  and S t a u d e r ' " )  f o r  some id e a l
g e o m e t r ic a l  c o n f ig u r a t i o n s  and no p r a c t i c a l  s o lu t io n s  have 
beun r e p o r t e d .
Thia method i s  bosed on th e  f a c t  t h a t  a s e ism ic  source  
o c cu p ie s  , f i n i t e  space  and the  changes a t  the  so u rce  take  
p la c e  i n  f i n i t e  t im e . Hirasnwa and S tu u d e r ■17) have shown 
t h a t  " th e  f i n i t e n e s s  o f  the  so u rc e  a f f e c t s  only  th e  F o u r ie r  
s p e c t r a  o f  P and S waves, and has  no e f f e c t  e i t h e r  on the  
d i s t r i b u t i o n  o f  c o m p r e s s io n - r a r e f a c t io n  o f  th e  P wave, o r  on 
the  p o l a r i z a t i o n  an g le  o f  th e  3 wave". In  o th e r  words, th e  
so u rc e  f i n i t e n e s s  a f f e c t s  th e  wave-shape o f  th e  P and 3 waves, 
whiuo the  t i r s t  m otion p a t t e r n  i s  de te rm ined  by th e  type  o f  
mechanism ( e . g . ,  s h e a r  o r  t e n s i l e  r u p t u r e ) .  In  th e  case  o f  
a u n i l a t e r a l l y  p ro p a g a t in g  r e c t a n g u l a r  r u p tu r e  s u r f a c e ,  the  
e f f e c t  o f  th e  so u rc e  f i n i t e n o s s  on th e  s p e c t r a  o f  th e  P and 
3 waves i s  e x p re ssed  by
e x p . -illj(X f Y) 3in  cX S in  a>Y
u>X uuY
where w = a n g u la r  f req u en cy  o f  the  F o u r ie r  component 
X and Y r e p r e s e n t  th e  geom etry  of th e  so u rce  in  
r e l a t i o n  to  th e  se ism om eter i n  term s o f the  v e l o c i t y  
o f  p ro p a g a t io n  o f  th e  r u p tu r e  and th e  v e l o c i t i e s  o f  
th e  P and 3 waves.
The main f e a t u r e  i s  t h a t  t h e r e  a r e  p a r t i c u l a r  f r e q u e n c ie s  
w = T  ’ *  = Y  Gt *hich the  s p e c t r a  have z e ro  am p li tu d e  
and a phase change by n r a d i a n s ,  where m and n a re  i n t e g e r s .
/  The method . . . .
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Tho method o f  e p e o t r o l  a n o l y a l ,  t h e r e f o r e  reduces  to  
d e t e n t i n i n g  th e  F o u r ie r  t r s n s f o r o  o f  the  P end s  eoves end 
e x e n in in g  th e  spuoti-uo f o r  minima i n  om plltude  end changes
° f  ” ^  Ph08e -M ch  w m  O f b l e  X and y to  be o a l c u l n t e d .
X and V m  tu rn  g iv e  the  d im ensions  o f  th e  r e c t a n g u la r  ru p tu r e  
and i t s  v e l o c i t y  of p ro p a g a t io n  in  r e l a t i o n  to  the  se ism om eter.
V h ve to  bo , e t e r n i s e d  a t  a number o f  se ism om eters  in
o r d e r  to  d e te rm in e  th e  a b s o lu t e  d lm enstns  o f  th e  source. In
a d d i t i o n ,  th e  f a u l t  p lan e  has  to  be de term ined  by means o f  
f i r s t  m o tio n s .
A t r a n s i e n t  s p e c t ro g ra p h  w ith  th e  t r a d e  name " r t s s i l y z e r "  
Wes used to  d e te rm ine  the  a m p l i tu d e  component o f  the  F o u r ie r  
t ra n s fo rm  o f  th e  waves; th e  sp e c t ro g ra p h  does n o t  g iv e  th e  
Phase component o f  th e  F o u r i e r  t r a n s f o r m .  This  d ev ice  has  
two modes o f  o p e r a t io n ,  (a )  i t  p roduces  a th re e -d im e n s io n a l  
g rap h  o r  "w is s i lg ra m "  i n  which time l a  the  a b s c i s s a ,  f req u en cy  
th e  o r d i n a t e  and the  i n t e n s i t y  o f  th e  graph r e p r e s e n t s  
a m p l i tu d e ,  (b ) i t  p roduces  a " s e c t i o n ” o r  g raph  o f  am p li tu d e  
v e r s u s  f r e q u e n c y  a t  any p a r t i c u l a r  i n s t a n t  i n  t im e .  The 
" M is s i ly z e r "  and some s p e c t r a  o f  s ta n d a rd  waves a r e  shown 
in  Appendix 3 . Only P waves con be ana lyzed  i n  t ’ i s  s tu d y  
s in c e  th e  coda of th e  P waves i n t e r f e r e  w ith  th e  S waves.
' he grfe 1 v i r t u e  o f  t h i s  method i s  t h a t  th e  minima, or 
z e r o s ,  in  a m p li tu d e  o ccu r  r e p e a t e d ly  and i n  th e  case  o f  an 
i d e a l  s o u rc e ,  a t  r e g u l a r  i n t e r v a l s  o f  f req u en cy  A a, so t h a t  
a number o f  v a lu e s  Aw can  be o b ta in e d .  Note t h a t  in  the  
c a se  o f  the i d e a l  r e c t a n g u l a r  r u p tu r e  th e r e  a re  two f a m i l i e s  
oi minima y i e l d i n g  A ix and Awy, which have to  be d i s t i n g u i s h e d .
A f u r t h e r  g r e a t  v i r t u e  o f  t h i s  method i s  t h a t  th e  p o s i t i o n s  o f  
th e  z e ro s  o r  minima in  th e  am p li tu d e  spectrum  o f  a P wave a re  
u n a f f e c t e d  by th e  medium th ro u g h  which the  P wave has passed  
o r  by th e  r e c o r d in g  equ ipm ent, p rov ided  t h a t  harmonic 
d i s t o r t i o n  does  no t o c c u r .  L in a r r  a t t e n u a t i o n ,  d i s p e r s i o n
/  end . . . .
and s c a t t e r i n g  o f  th e  wove, can only  change r e l a t i v e  
a m p l i tu d e s  and phases  o f  th e  s p e c t r a l  components, anu can 
have n , e f f e c t  on components t h a t  a r e  m iss in g  from th e  spec trum .
^ r i o u s  d i f f i c u l t i e s  a r i s e  i n  t h i s  method w ith  d e v ia t io n s  
from th e  i d e a l  r e c t a n g u l a r  u n i l a t e r a l  m p t u r  p ro p a g a t in g  a t  
c o n o t .n t  v e l o c i t y .  I f  the  v e l o c i t y  o f  pro ; c t i o n  v a r i e s  
s l i g h t l y ,  th e  F o u r ie r  spectrum  becomes co n tin u o u s  w ith  
i n d i s t i n c t  minima in  the  p la c e s  o f  th e  z e r o s ,  i f  an a b ru p t  
change o ccu rs  i n  th e  v e l o c i t y ,  th e  spec trum  i s  co m p le te ly  
a l t e r e d .  I f  th e  r u p tu r e  has f i n i t e  th i c k n e s s ,  e . g . ,  a 
p ro p a g a t in g  f a i l u r e  of a volume o f  ro c k ,  a t h i r d  fam ily  o f  
minima i s  in t ro d u c e d  i n t o  th e  sp e c tru m . H irrsaw a and 
£ i 2 u d e r (1Z/ have shown th a t  when th e  i d e a l  ru p tu r e  p ro p a g a te s  
b i l a t e r a l l y ,  z e r o s  no lo n g e r  ap p o ar  i n  the  spec trum  e x c e p t  in  
th e  c a se  o f  p e r f e c t l y  sym m etrica l p ro p a g a t io n .  C onsequently  
s p e c t r a l  a n a l y s i s  can be o f  v a lu e  on ly  when the geometry o f  
th e  s e is m ic  s o u rc e  i s  v e ry  s im p le .
/  GEVLCGIChL ENVIRUm.,.NT
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GEOLOGICAL environment
s e i s r . i c  network covers  thu e n t i r e  Harmony Gold Mine 
and P o r t io n  o f  th e  n e ig h b o u rin g  V i r g in ia  Gold Mine. At 
th e s e  w in es ,  th e  W itw atersrcnd  system  ro c k s ,  Upper D iv i s io n ,  
a sh a llo w  b a s in  d ip p in g  a t  ap p ro x im a te ly  7° to  th e  West, 
ihc  B ^sa l Reef i s  mined and i s  a p p ro x im a te ly  5000 f e e t  below 
s u r f a c e .  F ig u re s  7 and 8 show, ro s p e c t lv e ly y a g e n e r a l i z e d  
v e r t i c a l  s e c t i o n  from s u r f a c e  to  r e e f ,  and a s e c t i o n  g iv in g  
g r e a t e r  d e t a i l  i n  th e  v i c i n i t y  o f  th e  r e e f .  There a re  t h r e e  
f e a t u r e s  t o  which f r e q u e n t  r e f e r e n c e  i s  nude; t h : y  a r e  th e  
Harmony S i l l ,  th e  Upper Shale Marker and the Khaki S h a le .
The H rmony S i l l  i s  i n t r u s i v e  d o l e r i t e  i n t e r s p e r s e d  w ith  
q u a r t z  v e i n s .  I t s  c o n ta c t s  w ith  th e  q u n r t z i t e  a r t  l i a b l e  
to  bo weak. The Upper Shale Marker i r  a band o* wetk ro c k .  
The Khaki S h a le  v a r i e s  w idely  th roughou t th e  mine.
F ig u re  9 shows th e  d i s t r i b u t i o n  in  p la n ,  th e  a r e a  w ith  
th e  c o a r s e  h a tc h in g  r e p r e s e n t s  th e  Khaki S h a le .  The s h a le  
i s  som etim es t h r e e  f e e t  t h i c k  and v a r i e s  i n  i t s  s e p a r a t i o n  
from the  B asal r e e f .  iVhere i t  has been eroded  away, a 
d e f i n i t e  bedding  p lan e  e x i s t s .  The s to p in g  w id th  i s  d i c t a t e d  
by th e  c o n d i t io n s  in  t h r  h an g in g w all .  When the Khaki S ha le  
i s  t h r e e  o r  more f e e t  from th e  r e e f ,  i t  i s  p o s s ib l e  to  
m a in ta in  the  n to p in g  w id th  a t  ab o u t 42 in c h e s ;  however, when 
th e  s h a le  i s  c l o s e r ,  th e  hangingw all i s  more d i f f i c u l t  to  
c o n t r o l  so t h a t  th e  s to p in g  w id th  becomes a p p ro x im a te ly  
60 i n c h e s .
/  FIGURES 7 and 0
\ generalised  oeclogical section  on
HARMONY PROM STIR PACE TO THE REEF 
PLANE.
FIGURE 7
FIGURE 8 1-ART OF A iENERALISED GEOLOGICAL 
SECTION SHOWING DETAILS NEAR THE 
REEF PLANE.
FIGURE 9 PLAN SHOWING THE DISTRIBUTION OF THE 
KHAKI SHALE AND THE INTERSECTION OF THE 
SILL IN VIRGINIA WITH THE REEF.
THE KHAKI SHALE IS REPRESENTED BY THE 
COARSE HATCHING.
11= ° f t e r ' 0CC"  l n  . t o p e s ,  i n  v h ic h  caa(tj a u
th e  rook  up to  the  top  c o n ta c t  o f  the  Khaki Shale f a l l s  down.
The exposed ro ck  above th e  Khaki Shale a le a y s  ap p ea rs  sound
and h a s  . i d o l ,  spaced  f r a c t u r e  p la n e s ,  n o c k b u rs ts  occu r
i n f r e q u e n t l y  and u s u a l ly  r e s u l t  i n  damage . r i c h  ta k e s  a  fee  
days t o  c l e a r .
The rock i n  th e  f o o t . a l l  i s  q u a r t z i t e  f o r  a  g r e a t  d e p th .  
In  th e  V i rg in ia  a r e a ,  f i g u r e  9, th e r e  i s  a s h o l l o ,  d ip p in g  
s i l l  which in -  s r s e c t s  th e  r e e f .  This s i l l  ap p ea rs  to  be a 
tongue  from a l a r g e r  and d eep e r  s i l l ,  the  p o s i t i o n  o f  which 
i s  not w e ll  known. The on ly  fo o tw a l l  damage t h a t  I s  e v e r  
observed  o ccu rs  a t  t h i s  s i l l .
When ruining ta k e s  plc.ee in  s to p e s  w ith  a aiJb' un, 
th e  h a n g i n g . a l l  i s  r e l a t i v e l y  easy to  o o n t r ,  1 and r o c k f a l l s  
a r e  i n f r e q u e n t .  On the  o th e r  hand , in  r e m n s - a ,  i.angingw aU  
c o n t r o l  i s  d i f f i c u l t  and r o c k f a l l s  and rockt, -,s occu r  
f r e q u e n t l y  in  s p i t e  o f  in c ru c so d  s u p p o r t .
/  DISCUSSION nND RESULTS.
uitilUtiSlON AND RESULTG 
Magnitude o f ^ y ie mi c
o t i s n i c  network commenced con tin u o u s  re c o rd in g  on 
th a  nth A ugust. 1964. In  th s  f i r s t  y e a r  o f  r e c o rd in g ,
3100 s e i s a l c  e v e n ts  . e r e  l o c a t e d .  These ranged  In  n a g n ltu d , 
from 10 f t . - l b s .  to  108 f t . - l b s .  More th a n  h a l f  o f  the  
e v e n ts  o f  magnitude 103 f t . - l b e .  could be lo c a te d ,  « h l l e  a 
h ig h  p r o p o r t io n  o f  magnitude 104 f t . - l b e .  .n d  -1 1  o f 
g n i t  i 10 1 t . - r b e .  and g r e a t e r  were lo c a t e d .  During 
t h i s  y e a r ,  on ly  on t h r e e  days . e r e  no r e c o rd s  o b ta in e d ,  and 
on th e s e  days  no trem ors  o r  damage . e r e  r e p o r t e d .  I t  I s
th o u g h t ,  t h e r e f o r e ,  t h a t  a n  e v e n ts  o f  l o '  f t . - l b s .  and
more have been re c o rd ed  and l o c a t e d .  The Table be lo v  shoes
tn e  number o f  e v e n ts  o f  d l f . e r e n t  s i z e s  lo c a t e d  d u r in g  the  
f i r s t  y e a r  o i  r e c o r d in g .
M agnitude f t . - l b s .  105 104 105 l 06 107 108
Number o f  L ven ts  1768 897 29? 119 11 2
F ig u re  10 shows th e  t o t a l  energy  r a d i a t e d  by d i f f e r e n t  
s i z e d  e v e n ts  d u r in g  th e  y e a r .  The t o t a l  f o r  e v e n ts  o f  
m agnitude 10^ f t . - l b s .  i s  somewhat h ig h e r  th a n  shown in  
F ig u re  10, s in c e  on ly  about h a l f  o f  th e s e  e v e n ts  were 
l o c a t e d .
/  FIGURE 10
M agni tude  of events f t -  l b s
FIGURE l u  THE DISTRIBUTION OF THE TOTAL ENERGY
RADIATED BY SEISMIC EVENTS OF DIFFERENT 
SIZES OVER A PERIOD OF ONE YEAR.
- u m a  l j . O n  QT
Se,amlC ”TOntS ™ re ly  occu rred  i n  . c r i n g e  aurrcunded 
by e x t e n s iv e  a o i id  r e e f ,  bu t occu rred  moat f r e q u e n t ly  above 
a c t i v e  f a c e s  in  remnant a r e a s .  When an i s l a n d  o r  p e n in su la  
abu tm ent rea ch e d  a w id th  o f  500 f e e t ,  th e re  . e r e  d e f i n i t e  
o ig n s  o f  an in c r e a s e  i n  se ism ic  a c t i v i t y ,  and the  s e i s m ic i ty  
r a p id ly  a s  the  abutm ent became n a r ro w e r .  7’hese 
e f f e c t s  can be seen  i n  F ig u re s  11 to  15 , each o f  which shows 
th e  e v e n ts  o c c u r r in g  in  a s ix -w eek  p e r io d .  The f i g u r e s ,  
drawn on a  g r i d  of 2000 f e e t ,  a r e  a rran g ed  s e q u e n t i a l l y ,  and 
show two f a c e  p o s i t i o n s ,  r e p r e s e n t in g  the  b eg in n in g  and end 
o f  a  th ree -m o n th  p e r io d .  The se ism ic  ev en ts  p l o t t e d  in  each 
f i g u r e  o c cu r red  e i t h e r  d u r in g  th e  f i r s t  o r  sec. nd h a l f  o f  
each  p e r i o d .  Only th e  e v e n ts  t h a t  o ccu rred  d u r in g  th e  f i r s t  
l i v e  months o f  th e  y e a r  a r e  shown, s in c e  th e  p a t t e r n  f o r  th e  
rem a in in g  p e r t  o f  th e  y e a r  was ve ry  s i m i l a r .
/  SCALEI FIGURES 11-15
SCALE SHOWING MAGNITUDES OF THE SEISMIC 
EVENTS PLOTTED IN FIGURES 11 TU 15
O , ^ 8  ^  0
FIOURE 11 PL/N POSITION OF SEISMIC EVENTS
11th  A nous'” TO 50th SEPTEMBER, 1964
FIGURE
■ i
FLAN FOGI .'ION OF SEISMIC EVENTS 
1st OCTOBER +o 15th NOVEMBER, 1964
1 2 3
FIGURE 13 PLAN POSITION OF SEISMIC EVENTS
16 th  NOVEMBER to  3 1 s t  DECEMBER, 1964
Plan p o s it io n  of se is m ic  events
l e t  JANUARY tc 14th  FEBRUARY, 1965
FIGURE 14
FIGURE IS FLAN POSITION OF SEISMIC EVENTS 
15th FEBRUARY to 31f* MARCH, 196*
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A g r e a t  number of ev en ts  hove occurred  In  the  remnant 
1" E3. in  th e  re g io n  72 . even though the  ground . a s  very  
i r r e g u l a r ,  due to  numerous sm a l l  f a u l t s ,  none o f  . n i e h  had
°  t h r ° ‘  0 t  m° r e  t h M  10 ve ry  f e .  ev en ts  o c c u r re d .
hy comparing f i g u r e s  11 to  15, th e  change In  s e i s m ic i ty  
ns the  rem nant In  D3 i s  mined a .a y  can  be see n .  This  
sh o u ld  be compared . 1 t h  Dl, .h e r e  the  ev en ts  became more 
f r e q u e n t  and In c re a s e d  In  magnitude a s  mining p ro g re s se d .
The e v e n ts  t h a t  o ccu rred  In  D2 and o th e r  .o r k e d - o u t  a r e a s  
. e r e  p ro b a b ly  a s s o c i a t e d  . I th r e c o m p r e a s lc n .  s t o n e . a l l s  and 
o t h e r  forms o f  . a e t e  f i l l i n g  . e r e  sometimes used , and th e se
could  be e x p e c te d  to  undergo movement .h en  the  lo ad  on them 
becemti h ig h .
Dykes p layed  a m ajor r o l e  in  p roducing  the  l a r g e s t  
e v e n t s .  A l l  th e  e v e n ts  o f  magnitude 107 f t . - l b s .  and 108 
f t . - l b s -  wore l o c a t e d  w i th in  200 f e e t  o f  a dyke; most were 
l o c a t e d  r i g h t  on a dyke Twenty f iv e  p e rcen t  o f  th e  ev en ts  
of m agnitude  106 f t . - l b s .  were lo c a t e d  w i th in  200 f e e t  o f  a 
dyke and te n  p e rc e n t  o f  the  t o t a l  were, w i th in  th e  l i m i t s  
o f  e r r o r ,  on a dyke. A number o f  sm all  dykes have no t been 
c h a r t e d ,  so  t h a t  t h i s  a s s o c i a t i o n  could be even c l o s e r .
The dyke i n  B4, f i g u r e  11, was p a r t i a l l y  mined cu t  i n  1962, 
and was s t i l l  the  s o u rc e  o f  some se ism ic  ev en ts  i n  1964.
On comparing Figure 9 with F ig u re s  11 to  15, t h e r e  i s  
no obvious d ifferen ce  in  seism ic a c t iv ity  between th e  
r e g io n s  where the Khaki Shale i s  present and where i t  i s  
a b s e n t .
S lg v a t lo n  o f  S e lam lr  Events
The v e r t i c a l  d i s t r i b u t i o n  of a  r e p r e s e n t a t i v e  sample o f 
e v e n ts  i ,  shown in  F igu re  16. A l l  th e  e v e n ts  used f o r  draw ing 
t h i s  h is to g ra m  wore lo c a te d  tw ic e ,  u s in g  th e  c o r re c te d  
v e l o c i t i e s .  There o re  two d i s t i n c t  s e t s  o f  ev en ts ,  one group 
between 2 ,4 0 0  and 2 ,800 f e e t  above th e  r e e f  p lan e  ana th e  
o t h e r  betw een 0 and 300 f e e t  above th e  r e e f  p la n e .  There i s  
a  m a jo r  g e o l o g i c a l  d i s c o n t i n u l t j  a s s o c ia te d  w i th  each o f  
th e „  g ro u p s , The Harmony F i l l  l i e s  i n  th e  u p p e r  g roup , and 
th e  low er g roup  l i e  between the  r e e f  and th e  Upper Shale 
M arker. ( F ig u re s  7 and 8 ) .
The v e r t i c a l  d i s t r i b u t i o n  o f  e v e n ts  in  F ig u re  16 does 
n o t  depend on the  magnitude o f  th e  se ism ic  e v e n ts .  The s i z e s  
o f  t h e  e v e n ts  n e a r  th e  Harmony S i l l  ranged from lO*5 f t . - l b s .  
to  106 f t . - l b s .
The Harmony S i l l  i s  no t p a r a l l e l  w ith  th e  r e e f ;  i n  some 
P la c e s  i t  i s  2 ,800  f e e t  above th e  r e e f  and a t  t h e  V e n t i l a t i o n  
S h a f t  o n ly  1 ,8 0 0  f e e t ,  c o n se q u en tly  th e re  i s  a  sp read  in  the  
e l e v a t i o n  o f  th e  e v e n ts  i n  th e  h is to g ra m . The e v e n ts  a t  th e  
S i l l  d id  n o t  o ccu r  above th e  e n t i r e  m ining e x c a v a t io n ;  they 
were c o n f in e d  to  a  sm all s t r i p - l i k e  re g io n  which i s  p a r a l l e l  
w ith  th e  I r o n  C u r ta in  Dyke.
/  FIGURE 16
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FIOURB 1 7 PLAN ON A ORID OF 2000 FEET SHOWTNO THE 
POSITIONS OF THE SEISMIC EVENTS THAT 
OCCURRED NEAR THE HARMONY SILL OVER THE 
PERIOD 11 AUGUST, 1964 TO 11 JANUARY, 1965.
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F ig u re  17 shows th e  p la n  d i s t r i b u t i o n  o f  th e s e  e v e n ts .  
The p o e s i W l i t y  t h a t  th e s e  e v e n ts  might l i e  on th e  i n t e r -  
s e c t i o n  c f  th e  I ro n  C u r ta in  Dyk- and the  Harmony S i l l  was 
i n v e s t i g a t e d .  The p o s i t i o n  o f  th e  dyke a t  th e  e l e v a t i o n  o f  
th e  s i l l  i s  n o t  known; however, tho dyke d ip s  a t  65° a t  th e  
r e e f  p la n e ,  and assum ing t h i s  d ip  to  remain unchanged, th e  
i n t e r s e c t i o n  o f  th e  dyke and s i l l  would bees *  own in  F ig u re  17. 
No c o n c lu s io n s  can be drawn frcm t h i s  r e - u l t .  The s t r i p  on 
th e  ipper g ruup  o f  e v e n ts  l i e  can  be e x t r a p o la t e d  to  
p a ss  th ro u g h  th e  V e n t i l a t i o n  S h a f t .  Measurements o f  v e r t i c a l  
movements i n  th e  V e n t i l a t i o n  S h a f t  r e p o r te d  by 0 r t l e p p (20) 
showed c o n s id e r a b le  d i f f e r e n t i a l  movement in  th e  v i c i n i t y  of 
th e  Harmony S i l l .  This movement was accompanied by c rack s  
i n  th e  s h a f t  l i n i n g  and by the in f low  o f  w a te r ,  and i s  
examined in  g r e a t e r  d e t a i l  i n  th e  fo l lo w in g  d i s c u s s io n .
The Upoer Shale  Marker i s  a t  an average  h e ig h t  o f  
300 f e e t  above th e  r e e f  p lane  and i t  t h e r e f o r e  ap p ea rs  t h a t  
t h i s  weak band o f rock forms a  boundary .'or the  low er g roup  
o f  s e is m ic  e v e n t s .  There i s  a d i s t u r b i n g  f e a t u r e  about t h i s  
d i s t r i b u t i o n ;  n o t i c e  t h a t  i f  t h i s  d i s t r i b u t i o n  were s h i f t e d  
downwards by 100 f e e t  ( th e  90* c o n f id en ce  l i m i t ) ,  the  peak 
i n  th e  d i s t r i b u t i o n  would c o in c id e  w ith the  r e e f  p la n e .  To 
r e s o lv e  t h i s  d o u b t ,  th e  a l t e r n a t i v e  method o f  d e te rm in in g  
th e  e l e v a t i o n  d e s c r ib e d  in  Appendix 1, was employed to  
d e te rm in e  th e  e l e v a t i o n s  of th e  se ism ic  e v e n ts .  ;,s can be 
seen  in  Appendix 1, t h i s  method ag rees  w ith  th e  e l e v a t io n s  
o b ta in e d  by u s in g  th e  v e l o c i t y  c a l i b r a t i o n s ,  end i t  must be 
a c c e p te d  t h a t  t h i s  a sym m etr ica l  d i s t r i b u t i o n  i s  r e a l .  I t  
i s  no t u n re a so n a b le  t h a t  an a sym m etr ica l d i s t r i b u t i o n  shou ld  
a r i s e ,  s i n c e  th e  g e o lo g ic a l  environm ent i s  a sym m etr ica l  and 
th e  h an g in g w o ll  te n d s  t o  be weaker th a n  the  f o o tw a l l .
/  Seism ic  . . . .
bt iam ic  e v a n ts  muat W ==au=l a t ,d  , 1 t h  t h „ v io l e n t
° t l U r “ ° f  r0C k ' thUa °  ° f  th e  d i s t r i b u t i o n  o f  th e
s e i s a i c  e v e n ts  vould  r e v e a l  th e  f r a c t u r e  zone. The on ly  mode
of l a r g e  s c a l e  f r a c t u r i n g  which may not be d e te c te d  
a e i s r a i c a l l y  i s  s t r a t a  s e p a r a t i o n .  S ince th e  bonding between 
w e ll  d e f in e d  s t r a t a  may be weak, s t r a t a  s e p a r a t io n  can occur 
a t  low t e n s i l e  s t r e s s  l e v e l s ,  r e s u l t i n g  in  a low se ism ic  
y i e l d .  T h e re fo re ,  th e  type  of f r a c t u r e  dome which i s  made 
up of s t r a t a  s e p a ra te d  in to  huge beams may no t be d e te c te d ;  
however, should th e se  beams f a i l ,  enormous amounts o f  s e is m ic  
evergy  would h r  r e l e a s e d .  The type j f  f r a c t u r e  done env isaged  
by D en k h o u s lt ;  would r e s u l t  i n  l a r g e  amounts o f  se ism ic  energy 
be ing  r e l e a s e d ,  s in c e  th e  rock i s  r e q u i r e d  to  f a i l  a t  h igh  
s h e a r  wind t e n s i l e  s t r e s s  l e v e l s .
ihe  d i s t r i b u t i o n  o f  se ism ic  ev en ts  shown i n  f ig u r e  16 
i n d i c a t e s  t h a t  t h e  f r a c t u r e  zone i s  c o n f in e d  to  a narrow 
re g io n  300 f e e t  h ig h ,  between th e  e x c a v a t io n  and th e  Upper 
Shale  M arker. This  zone ex ten d s  h o r i z o n t a l l y  w ith  the  f a c e s ,  
a s  th e s e  ad v an ce .  F r a c tu re  may, however, occur a t  the Harmony 
S i l l .  A lthough i t  i s  no t c e r t a i n  t h a t  s t r a t a  s e p a r a t io n  does 
no t o c cu r  between th e  Upper Shale  Marker and the  Harmony B ' l l ,  
i t  i s  most u n l i k e l y  t h a t  v e r t i c a l  f r a c t u r i n g  occu rs  h e re .
S in c e  th e  s e i s m ic  o b s e r v a t io n s  a r e  nu t in  agreement w ith  
th e  a c c e p te d  t h e o r i e s  on th e  s t a t e  f  th e  rock  mass, th e  on ly  
e v id en ce  t h a t  has  e v e r  been used to  v e r i f y  dome th e o ry  in  a 
deep mine i a re -exam ined h e r e . Th is  in fo rm a t io n  was k in d ly  
made a v a i l a b l e  by Rand Minus, L im ite d , and c o n s i s t s  o f  
v e r t i c a l  s t r a i n  measurements made in  the  V e n t i l a t i o n  S h a f t  
a t  Harmony. I t  must be emphasized th a t  th e s e  measurements 
wurw o r i g i n a l l y  r e p o r te d  by Barcza and von W l l l l c h ^  who 
made no a t te m p t  to  i n t e r p r e t  them i n  terms o f  dome th e o ry ;  
however, i n  a subsequen t paper by JDonkhnus . H i l l  and Roux^  
they were re g a rd ed  as  c o n c lu s iv e  ev idence  o f  the  f r a c t u r e  
dome.
/  S t r a i n . . . .
J ' l e a B u r u n i H n t o
V - n t i l c t i o n  S h a f t  a t  tha  harmony Mine I s  unique In  
South n f r i c n  In  t h a t  no p i l l a r  was l e f t  f o r  the  su p p o r t  o f  
t h e  S h a f t .  Mining o p e ra t io n s  commenced a t  the  fo o t  of th e  
s h a f t  and  e x ten d ed  alm ost sym m etr ica lly  about I t  f o r  the  
f i r s t  5 y e a r s  o f  th e  l i f e  o f  th e  n in e .  I t  was a n t i c i p a t e d  
t h a t  movements i n  th e  s h a f t  would y i e ld  some in fo rm a t io n  on 
th e  b e h a v io u r  o f  th e  s t r a t a .  To measure th e s e  movements,
40 pegs 3 f e e t  lo n g  verb  i n s t a l l e d  i n  a v e r t i c a l  row a t  th e  
a id e  o f  t h e  s h a f t ,  and measurements of t h e  d l s t a n e s  between 
th e  pegs were ma.de a t  r e g u l a r  i n t e r v a l s .  F igu re  18 i s  a 
v e r t i c a l  s e c t i o n  th rough  t h e  V s n ' f l a t i o n  S h a f t  showing th e  
p o s i t i o n  o f  the  pegs in  r e l a t i o n  to the g e o lo g ic a l  s t r u c t u r e .
/  FIGURE 18
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FIGURE 18 A VERTICAL SECTION THROUGH THE 
VENTILATION SHAFT SHOWING THE 
POSITIONS OF THE PEGS IN RELATION 
"0 THE GEOLOGICAL STRUCTURE.
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l ln „ d  with o 9 -ln ch  l . y . r  o f  u n re ln fo ro ed  
° 3 n C re te - « - " t = l r , d  o a lc i™  c h lo r id e ,
c o h so a u e n t ly  Severe  s h r i n k ^ ,  o ccu rred  end the  c o n c re te  was
m<,ChmUCSl S t r t " « t h - "  d e t a i l e d  reco rd  o f  the
V~° 1,01,11 “  " aS f ° Und t h ^  " t c k e  ^  " . t e r  in f low  b e c c e
n c t l c e n b ! .  a t  a u c c e a e lv e ly  h ig h e r  l e v e l s  a s  mining p ro g re s s e d .
" o b s e r v a t io n  i s  to  bo expec ted  because , even in  the  case  
o f  a c o n t in u o u s  e l a s t i c  model, e l a s t i c  r e l a x a t i o n  would 
s t r e t c h  th e  s h a f t  a t  p r o g r e s s iv e ly  h ig h e r  l e v e l s  a s  the  
e x c a v a t io n  e n la r g e d ,  and so  a l lo w  f i s s u r e s  to  open and cause  
s h r in k a g e  c ra c k s  i n  th e  l i n i n g  to  become obv ious .
I t  i s  assumed t h a t  th e  v e r t i c a l  component o f  t h e  v i r g i n  
s t r e o S  a t  any po in t i s  e q u a l  to  the  weight o f  th e  super­
incum bent rock  a t  t h a t  p o in t .  B efore  s t r a t a  s e p a r a t i o n  o r  
h o r i z o n t a l  f r a c t u r i n g  can o ccu r ,  th e  v e r t i c a l  v i r g i n  s t r e s s  
mUtit U® reci07ed from th e  ro ck  and a l a r g e  v e r t i c a l  s t r a i n  
must o c c u r  by e l a s t i c  r e l a x a t i o n .  The modulus f o r  relaxation  
in  the v e r t i c a l  d i r e c t i o n  i s  ap p ro x im a te ly  eq u a l  to  the Young's 
m odulus. S ince  the  t e n s i l e  s t r e n g th  in  th e  v e r t i c a l  d irec tio n  
i s  assumed to  be ze ro  the  c r i t e r i o n  f o r  s t r a t a  s e p a r a t io n  o r  
h o r i z o n t a l  f r a c t u r i n g  i s
V e r t i c a l  S t r a i n  > t i c - 1  V irg in  ot ro s s
Young's Modulus
O r t le p p  and N i c o l l 1 ]1 ' made measurements o f  th e  move­
ments i n  th e  q u a r t z i t e  below th e  e x c a v a t io n  a t  the  Harmony 
Mine. They found t h a t  t h e i r  measurements a g r e e d  re a so n a b ly  
w e ll  w ith  th e  movements p re d ic te d  by e l a s t i c  th e o ry ,  when a 
v a lu e  o f  a p p ro x im a te ly  10 x 10A p . s . i .  was used f o r  the  
Young's Modulus. This  va lue  w i l l  be adopted  f o r  th e  Young's 
Modulus i n  th e  h a n g in g w a il .  A t o p i c a l  v a lu e  f o r  th e  d e n s i ty  
o f  q u a r t z J t e  i s  170 l b s / f t . 3 .
/  FIGUR3 19
THb VARIATION OF STRAIN WITH TIME, AT 
DIFFERENT LEVELS IN THE VENTILATION 
SHAFT. THE WOKEN LINES REPRESENT THE 
ELASTIC STRAIN DUE TO RELAXATION.
* 7  “ 8 'JU S t r a l " 0 t  TC rl°“ ° in  the
l "  t i  CgElnSt ^  tho  m t i o r o  a t r a l n  due t0
e l c i s t i e  r e U , a t l o „  t a  3hown l e  th e  d o tU d  ^  ^
o p e r a t i o n s  =oM e„ced  In  3,.pt enber, nnd m snnursm nte  su re
' 'C’e U la r  ln te rV a la  u n S U  W -  1959. No meanursfjonta
k0r6  Bndi’ Cg“ ln  U , l t i l  1962 - -*  -h ic h  s ta g e  a n u n b tr  o f  pegs 
h a '  s u f f e r e d  d n m g e .  0r t ^ < 20) ahowed by 1 % )
ro c o n p re s s io n  had o ccu rred  and  the  s h a f t  had alm ost reg a in ed  
i t s  ^ r i g i n c l  l e n g t h .
Pege 36 t0  24 = The T e r t l c = l  s t r a i n  between these pegs 
. c s  so g r e a t  t h a t  bed s e p a r a t i o n  and f r a c t u r e  must have
o c c u r re d  in  t h i s  r e g io n .  Most o f  th e  se ism ic  e v e n ts  a l s o  
o c c u r red  h e r e .
Pegs 24 to  23: The m xim un s t r a i n  was 40 p e rc en t  h ig h e r
th an  th e  m a i in u ,  r e l a x a t i o n  s t r a i n .  A la r g e  c rack  was observed 
in  th e  s h a f t  l i n i n g  between th e s e  pegs a t  a p o in t  co rre spond ing  
to  th e  c o n ta c t  betw een the  Kim berley S c r ie s  and th e  E ls  burg 
S c r i e s ,  t h i s  i n d i c a t e s  t h a t  s t r a t a  s e p a r a t io n  p robab ly  
o c c u r red  a t  t h i s  c o n t a c t .
Pegs 23 to  22. The s t r a i n  was a t  a l l  t im es l e s s  than  the 
r e l a x a t i o n  s t r a i n ,  th e r e f o r e  no s t r a t a  s e p a r a t i o n  o ccu rred  here 
Pegs 22 to  21. The maximum s t r a i n  was 30 p e rc e n t  more 
th a n  t:. r e l a x a t i o n  s t r a i n .  A la rg e  q u a n t i ty  o f  w a te r  was 
observed  to  flow i n t o  the s h a f t  n ea r  peg 21; however, the  
s h a f t  l i n i n g  was in  good c o n d i t io n  and had only a few sm all  
c r o c k s .  S t r a t a  s e p a r a t i o n  iey have occu rred  between th e se  pegs.
P«gs 21 to  20 . The s t r a i n  exceeded th e  r e l a x a t i o n  s t r a i n  
a t  one p o in t  on ly  r n r th e  most p o r t  i t  was c o n s id e ra b ly  
l e s s .  Thu s h a f t  l i n i n g  was i n  e x c e l l e n t  c o n d i t io n  and no 
w a te r  was observed  to  flow i n t o  the  s h a f t .  The rock  was 
p ro b a b ly  u n f r a c tu r e d  i n  t h i s  r e g io n .
Pegs 20 to  19. The s t i o i n  was 15 p e rc e n t  h ig h e r  than  
t h a t  f o r  r e l a x a t i o n  and c l a r g e  q u a n t i ty  of w ater was oeserved
to  n o w  i n t o  the s h o r t ,  rhe  g e o lo g ic a l  r e c o r i  o f  the  s h a f t
showed no Obvious d i s c o n t i n u i t y  h e re ,  however, c borehole
d r i l l e d  on ly  300 f e e t  away from the  s h a f t  shows,. .  very narrow
i n t r u s i v e  s i l l  a t  t h i s  l e v e l .  The s t r a t a  may have s e p a ra te d
o t  t h i s  d i s c o n t i n u i t y ,  bu t th e  s e p a r a t io n  would have been 
l e a s  th a n  1 /4  in c h .
r e g s  19 to  17 . The s t r a i n  here  was l e s s  than  t h a t  f o r  
r e l a x a t i o n  and th e  s h a f t  l i n i n g  was observed  to  be in  goo. 
c o n d i t i o n ,  t h e r e f o r e  no bed s e p a r a t io n  o ccu rred  h , r e .
Pegs 17 to  16. The maxi,,urn s t r a i n  was fo u r  tim es t h a t  
due to  e l a s t i c  r e l a x a t i o n .  There was a  very l a r g e  cruel, i n  
the  s h a f t  a t  a p o in t  co rre sp o n d in g  to  th e  upper c o n ta c t  o f  
th e  Harmony S i l l .  The s m a l l  group o f  se ism ic  e v e n ts  occurred  
a t  t h i s  S i l l .  O tra -a  s e p a r a t i o n  must have occu rred  h e re .
Pegs 16 to  S. The s t r a i n  was a t  a l l  t l r e o  l e s s  than  
the r e l a x a t i o n  s t r a i n ,  which i n d i c a t e s  t h a t  t '-.is  rock was 
p ro b a b ly  s o l i d .
l o g s  8 to  s u r f a c u .  E r r l i e r  than September, 1956, th e  
s t r a i n  wan s m a l l ;  a f t e r  Septem ber, 1958, a l t e r n a t i n g  re g io n s  
o f  h igh  co m p ress io n  and te n s i o n  were o b se rv ed . Such a 
s i t u a t i o n  i s  p h y s i c a l l y  most im probable and t h i s  a p p a r e n t ly  
anomalous b e h a v io u r  was p ro b ab ly  due to  damage to  some pegs.
I t  i s  assumed t h a t  no s t r a t a  s e p a r a t io n  occu rs  above peg 16.
The r e s u l t s  o f  the  se ism ic  and s t r a i n  measurements e r e  
summarized i n  F ig u re  20. Both s e t s  of o b s e rv a t io n s  show t h a t  
th e  h ig h ly  f r a c t u r e d  re g io n  ex tends  on ly  to  a h e ig h t  o f  about 
300 f e e t  above th e  e x c a v a t io n ,  and th a t  f r a c t u r e  o r  
s e p a r a t i o n  o c cu rs  a t  th e  Harmony S i l l .
/  FIGURE 20
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The e t r a n .  -u ram en te  show t h a t  the  r a c k  b e t .e e n  
the  K im berley a e r i e ,  a id  the  Harmony S i l l  may have s e p a ra te d  
i n t o  t h r e e  s l a b s .  This co n c lu s io n  1 .  based on the  modulus o f
cou ld  be a rg u e d  t h a t  no s t r a t a  s e p a r a t io n  o c c u r red .  In  a n ,
e v e n t ,  i f  s t r a t a  s e p a r a t i o n  has o c cu r red ,  th e s e  s l a b s  a re
p ro b a b ly  unbroken  s in c e  no se ism ic  a c t i v i t y  was observed  in  
t h i s  r e g io n .
S t r a t a  s e p a r a t i o n  a t  th e  Harmony S i l l  occu rred  a t  a 
s u r p r i s i n g l y  e a r l y  s t a g e .  The s t r a i n  exceeded the  r e l a x a t i o n  
s t r a i n  in  May,  19b7 when th e  span o f  the  e x ca v a t io n  was only 
1500 f e e t .  On th e  b a s is  o f  a con tinuous  e l a s t i c  medium the  
s t r e s s  change induced  by th e  e x ca v a t io n  a t  t h i s  d i s t a n c e  
sh o u ld  be much s m a l le r  th a n  the  normal v i r g i n  s t r e s s ,  so 
t h a t  s t r a t a  s e j a r a t i o n  would not be expec ted . A lso , th e  
f a i r l y  l a r g e  .iergy r e l e a s e s  d e te c te d  s e i s m ic a l ly  a t  t h i s  
s i l l  a r e  d i f f i c u l t  to  e x p la in .  T here fo re  i t  a p p ea rs  t h a t  the  
f r a c t u r e  mechanism a t  the  s i l l  i s  not sim ply one o f s t r a t a  
s e p a r a t i o n .
I t  can be concluded  th e r e f o r e  t h a t  both the  se ism ic  
o b s e r v a t io n s  and th e  s t r a i n  measurements in d ic a te d  t h a t  most 
o f  th e  f r a c t u r i n g  was l im i t e d  to  a zone expending to  a h e ig h t  
o: a p p ro x im a te ly  300 f e e t  above the e x c a v a t io n .  The h e ig h t  
o f  t h i s  zone was no t r e l a t e d  to  th e  h o r i z o n ta l  e x te n t  o f  the  
s u r ro u n d in g  e x c a v a t io n ,  and i t  extended latere.* ly  as  th e  
f a c e s  a d v an ced . The rock  mass did no t e x h ib i t  g ro ss  
i n e l a s t i c  b e h a v io u r  excep t i n  a r e s t r i c t e d  re g io n  a t  the  
Harmony S i l l  where u n exp la ined  movements o c c u r red .
/  The K a te . . . .
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The Rate o f  ,
The d e t a u c d  mechanism of rockbuna ta  and o th e r  forma of 
damage due to  rook f a i l u r e  i s  s t i l l  unknoan. s t r i a e  of th e  
energy  changes  which n e c e s s a r i l y  occur when an e x ca v a t io n  ia
Bade UndergroUnd t0  -> -v id e  the  b ea t unders tand  i r *  o f  
the  Phenomena le a d in g  to  rock f a i l u r e  and damage (C o o k < W ,.
I t  i s  common knowledge t h a t  the  damage and ro c k b u ra t  hazard
in c r e a s e s  w ith  d e p th  and i s  g l a t e s t  a t  remnants and in
r e g io n s  mined i n  an i r r e g u l a r  manner. The o b s e rv a t io n s  above
have q u a l i t a t i v e l y  shown t h a t  e e i s m ic l ty  l a  a l s o  r e l a t e d  to
th e  c o n f i g u r a t i o n  o f  th e  e x c a v a t io n .  The r a t e  a t  which energy
i s  r e l e a s e d  a s  an e x c a v a t io n  i s  en la rged  p ro v id e s  an o b je c t iv e
p a ra m e te r  to  d e s c r ib e  mining geometry in  terms which a re
s i g n i f i c a n t  to  rock  f a i l u r e .  In  the  fo l lo w in g  d i s c u s s io n ,  i t
i s  shown e m p i r i c a l l y  t h a t  the  r a t e  of energy r e l e a s e  per u n i t
a re a  i n c r e a s e  i n  the  s i z e  o f  an e x c » /a t io n  i s  c lo s e ly  r e l a t e d
to  s e i s m i c i t y  and in c id e n c e  of damage in  th e  mines.
ihe  r a t e  o f  energy r e l e a s e  was de te rm ined  by means o f  an
e l e c t r i c a l  r e s i s t a n c e  analogue d e sc r ib e d  by Cook and SchumanAf 9 ^
Tne v a lu e  o f  th e  energy  r e l e a s e  r a t e  o b ta in ed  from the  ana logue
r e f e r s  t o  e l a s t i c  rock  b eh av io u r ;  any d e v ia t io n  from e l a s t i c
b eh av io u r  would r e s u l t  in  a h ig h e r  energy r e l e a s e  r a t e .  In
the  p r e c e d in g  s e c t i o n  i t  was shown th a t  the  rock mass does
not e x h i b i t  g ro s s  i n e l a s t i c  b eh av io u r .
The most r e a l i s t i c  method o f  a s s e s s in g  damage i s  to  
d e te rm in e  the  inco n v en ien ce  i t  c a u s e s .  The mine keeps a 
re co rd  o f  th e  d a i l y  a c t i v i t i e s  in  each s to p e .  I t  i s  th e r e f o r e  
p o s s ib le  t o  d e te rm in e  th e  days sp en t  in  c l e a r i n g  working p la c e s  
a f t e r  r o c k b u r s t s  anu r o c k f a l l s .  The number o f days d e la y  
a r i s i n g  from t h i s  cau se  per u n i t  a re a  mined i s ,  t h e r e f o r e ,  
used t o  a s s e s s  th e  damage, o r  in c o n v en ien ce ,  to  the  mine 
caused by rock  f a i l u r e s .  I t  i s  a l s o  p o s s ib le  to  de term ine
/  the  . . . .
-  5 9 -
.  nujnbtr c f  U bo,m r s  e ,p l„ yea ln  6acb vorklng pU c , c
t h a i  " d 4 1 t l0 n a l  O' - i n t a l n l ^  B0t , 8 t a , t c r y
. t i n .  c o n t r o l  c an  be a n im a te d  from the  a d d i t i o n a l  number 
o f  a a n - c h i f t a  p e r  u n i t  a r e a  mined.
Four p o r t io n *  o f  th e  mine were choser. fo r  makin* a 
co m p ar iso n . T he , a l l  d o s e  t ^ ^ r  „  g e o lo g ic a l  
-nces were c . a miniir.wm, and the average a to p in g  w id th  
was 42 in c h es  i n  a l l  r e g io n s .  The fo u r  re g ie  ns a:.*e shown, in  
r e l a t i o n  to  th e  whole mine m  F ig u re  21. T»c fa c e  p o s i t i o n s  
a r e  £ howsi i n  the  F ig u r e ,  r e p r e s e n t in g  a y e a r ' s  m in ing . Region 
1 c o n ta in s  a  rem nant in  which a  g r e a t  d e a l  o f  damage and 
s e is m ic  a c t i v i t y  o ccu r red  and f o r  which th e  average  energy 
r e l e a s e  r a t e  was h ig h .  Thlr, remnant wai not r e g a r d ;d by th e  
mine management a s  e x c e p t io n a l ly  d i f f i c u l t ;  however, th e  mining 
c o n d i t io n s  were f a r  more d i f f i c u l t  than i n  the  o th e r  W i - e  
r e g io n s .  Region 2 contains i lo n g w a ll  fa c e  w ith  a l a r g a  sp an ,  
but n o t  l a r g e  enough fo r  com plete c lo su re  to have o ccu rred  a t  
th e  c e n t r e .  Mining conditions were good and th e  averag e  energy  
r e l e a s e  r a t e  was m o d e ra te .  Regions 3 and 4 c o n ta in  lo n g w a ll  
f a c e s  w i th  a s h o r t  span , c o n se q u en tly  the  average energy  
r e l e a s e  r a t e  was low . The mining c o n d i t io n s  were e x c e l l e n t .
F ig u r e  22 shows a p la n  view o f  th e  seism ic  e v en ts  t h a t  
o c c u r red  i n  th e  fo u r  r e g io n s  d u r in g  the  y e a r ' s  m ining .
F ig u re  23 shows th e  same plan view w ith  damage c e n t r e s  
o c c u r r in g  o v e r  t h e  same y e a r ;  th e  d ia m e te r s  o f  t h e  c i r c l e s  
r e p r e s e n t  th e  e x t e n t  o f  th e  damage measured in  days d e la y .
Only damage and s e is m ic  ev en ts  t h a t  occurred  in  th e  fo u r  
r e g io n s  a r e  shown.
Average v a lu e s  f o r  a l l  the  v a r i a b l e s  in  each o f  th e  
f o u r  re g io n s  were d e te rm in e d .
/  FIGURE 21
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FIGURE 21 PLAN SHOWING THE FOUR REGIONS SELECTED 
FOR COMPARING THE RATE OF ENERGY RELEASE 
WITH DAMAGE, LABOUR REQUIREMENTS AND 
SEISMICITY.
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F ig u r e s  24 to  27 show damoge, l a b o u r ,  ae lom io l.jr  and
13111 Se lS" iC e n e r8>" r e s p e c t i v e l y , p lo t t e d  a g a in s t  the 
energy  r e l e a s e  r o t e .  The in c id e n ce  o f  damage la  alm ost 
l i n e a r l y  dependent on the  energy  r e l e a s e  r a t e ;  i t  i s  a l s o  
dependent on o th e r  f a c t o r s ,  such  as g e o lo g ic a l  c o n d i t io n s  
and t h e  type  o f  su p p o r t  used i n  th e  a to  pea. Thus, in  a 
p a r t i c u l a r  mine where s ta n d a rd  su p p o rt  methods a re  p r a c t i s e d ,  
l i e  energy  r e l e a s e  r a t e  w i l l  s e rv e  as a r e l i a b l e  param eter  
f o r  p r e d i c t i n g  damage. At Harmony i t  can be s a id  t h a t  vhen 
th e  energy  r e l e a s e  r a t e  i s  l e s s  than 108 f t . - l b s .  per square  
fa thom , m ining  c o n d i t io n s  w i l l  be good. The s im p le s t  mining 
geom etry  would c o n s i s t  of two lo n g w a ll  fa c e s  advancing  away 
from each  o t h e r  i n to  v i r g i n  g ro u n d ; e v e n tu a l ly  the  s to p e  
span  becomes so l a r g e  t h a t  c lo s u r e  ta k e s  p lace  a t  the  c e n t r e  
o f  t h e  s to p e  and th e  energy r e l e a s e  r a t e  re ach es  a maximum
v a l u e .  The maximum energy r e l e a s e  r a t e  i s  0 .95  x 106 f t . - l b s . /
2
fathom^ f o r  a 42 inch s to p in g  w id th  a t  a dep th  o f  5000 f e e t ,  
which f a l l s w i t h i n  the  c r i t e r i o n  fo r  good mining c o n d i t io n s .
The l a b o u r  r e q u i r e d  to mine the  remnanc in  re g io n  1 i s  
tw ice  t h a t  r e q u i r e d  to  mine an e q u iv a le n t  a re a  i n  th e  
r e g i o n s , which means t h a t  the  c o s t  o f  mining i s  approx-  
• e l y  d o u b le .  Furtherm ore th e  hazard  per u n i t  a re a  mined i s  
an  o r d e r  o f  magnitude h ig h e r ,  s in c e  tw ice  as  many men a re  
exposed to  f i v e  tim es  as  much damage. More i s o l a t e d  rem nants  
i n  th e  m in e , i n  which th e  energy r e l e a s e  r a t e  was s t i l l  
h i g h e r ,  have r e s u l t e d  i n  f a r  worse mining c o n d i t io n s ,  and i t
i s  d o u b t f u l  w hether i t  was w orthw hile  m ining those  rem nan ts .
7
There  were only two se ism ic  ev en ts  o f  magnitude 10 
f t . - l b s . , and both  o ccu rred  in  re g io n  1 . The t o t a l  se ism ic  
energy  r a d i a t e d  by th e  l a r g e s t  e v e n ts  exceeds th e  t o t a l  
s e is m ic  energy  r a d i a t e d  by a l l  th e  s m a l le r  ev en ts  fo r  any 
r e g i o n .  F ig u re  10 s ' iOw s  t h i s  phenomenon f o r  th e  whole mine; 
in  a r e m n a n t , however, i t  was f a r  more pronounced than t h i s .
/  C onsequently  . . . .
C cneequon tly  F ig u re  27 . a s  ^ m o s t  com ple te ly  c o n t r o l le d
by th e  l a r g e s t  s e is m ic  ev en ts  i n  each r e g io n .  Under remnant 
c o n d i t i o n s ,  t h e  t o t a l  se ism ic  energy was l e s s  th a n  10~4 o f  
th e  energy  r e l e a s e d .  This im p lie s  t h a t  th e  v a s t  m a jo r i ty  
o f  th e  energy  r e l e a s e d  i s  d i s s i p a t e d  in  a s t a b l e  manner and 
t h a t  t h e  mcchaniem of u n s ta b le  o r  v i o l e n t  energy  r e l e a s e  Aa 
o b s c u r e d .
From F ig u re  26 i t  i s  i n t e r e s t i n g  to  no te  t h a t  the  r a t i o  
o f  the s m a l l  e v e n ts  to  the  l a rg e  e v e n ts  d ecreased  when the 
energy  r e l e a s e  r a t e  was h igh  or when ex trem ely  la r g e  ev en ts  
' c c u r r e d .  This b eh av io u r  i s  c o n t r a r y  to th a t  o f  e a r th q u ak es  
where Ihe r a t i o  o f  sm a l l  ea r th q u ak es  to  l a r g e  ea r th q u ak es  i s  
a p p ro x im a te ly  a  c o n s ta n t  f o r  d i f f e r e n t  r e g io n s .
/  Temporal B ehaviour. . . .
T .a ja o ra l  B e h a v io u r  o f  S e is m lr
The Harmony and V i r g in i a  Mines use  a  c e n t r a l i z e d  b l a s t i n g  
sy s tem , w i th  t h e  r e s u l t  t h a t  a l l  ch arg es  in  th e  s t o r e s  in  eaoh 
mine a r e  f i r e d  i n  a m a t te r  o f  10 t o  30 m inu tes .  At V i r g in ia  
th e  b la f i t in e  tim e i s  u s u a l l y  3 .00 p.m. to 3 .30  p .m . , and a t  
Harmony i t  i s  u s u a l l y  4 .3 0  p.m. to  5 .30  p.m. On S a tu rdays  
b l a s t i n g  i s  ap p ro x im a te ly  one hour e a r l i e r .  F ig u re  28 shows 
th e  d i u r n a l  d i s t r i b u t i o n  o f  (a) a l l  th e  se ism ic  even ts  n e a r  
th e  r e e f  p la n e  a t  Harmony, ( b) a l l  the  se ism ic  ev en ts  a t  
V i r g i n i a  and (c )  a l l  th e  se ism ic  e v e n ts  a t  th e  Harmony S i l l  
t h a t  o ccu rred  d u r in g  the  f i r s t  y e a r  o f  r e c o rd in g .  Tne even ts  
a t  th e  Harmony S i l l  o ccu rred  randomly, but th e  ev en ts  a t  th e  
r e e f  p la n e  were s t r o n g ly  in f lu en c ed  by b l a s t i n g .  The peak 
i n  th e  V i r g i n i a  d i s t r i b u t i o n  was e a r l i e r  and narrow er than  
th e  peak i n  the  Harmony d i s t r i b u t i o n ,  co rre spond ing  to  e a r l i e r  
and a n a rro w e r  sp re ad  in  b l a s t i n g  t im e s .
At V i r g i n i a ,  50 p e rc e n t  o f  a l l  th e  ev en ts  occurred  
betw een  2 .0 0  p.m. and 5 .00  p .m . , and a t  Harmony l e s s  than  
40 p e r c e n t  of a l l  th e  e v e n ts  occurred  between 3 .00  p.m. and 
7 .0 0  p .m .;  t h i s  im p l ie s  t h c t  th e  m a jo r i ty  o f  se ism ic  even ts  
were n o t  t r i g g e r e d  by b l  s t i n g .  I t  was th o u g h t  t h a t  ev en ts  
o f  a  p a r t i c u l a r  s i z e  might be more s e n s i t i v e  to  b l a s t i n g  
th a n  o th e r s  and th e  d iu r n a l  d i s t r i b u t i o n  f o r  each magnitude 
was d e te r m in e d , F ig u re  29* Only t h e  i s t r l b u t t o n s  fo r  
Harmony a r e  shown, s in c e  th o s e  f o r  V irg in ia  were s i m i l a r .
There  i s  no obv ious  d i f f e r e n c e  between th e s e  d i s t r i b u t i o n s  
and a g a in  40 p e rc e n t  to  50 p e rc e n t  of th e  e v e n ts  o ccu rred  
between 2 .0 0  p.m. and 5 .0 0  p .m .,  i n  th e  case  o f  V i rg in ia ,  
and 3 .0 0  p .m . and 7 .0 0  p.m. In  the  e n se  o f  Harmony. The 
l a r g e  amount o f  s e i s m ic  a c t i v i t y  t h a t  occurred  w i th o u t  
e x t e r n a l  s t im u lu s  t e s t i f i e s  to  the  t im e  dependent beh av io u r  
o f  rock  f r a c t u r i n g .  /  FIGURE 27
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I t  13 a l s o  i n t e r e s t i n g  to  see  h e  the  s e i s m i c i t y  v a r i ,  
th ro u g h o u t  t h e  week, .and i t  i s  more i n f o m a t i v e  i f  t h i s  
be compared w ith  th e  a c t i v i t y  in  th e  mine. The b e s t  method 
o f  e s t i m a t i n g  t h e  mining a c t i v i t y  i s  by means of th e  number 
o f  h o le s  d r i l l e d  and b la s t e d  in  th e  s to p e s .  I t  has been 
s u r g e s t e i  t h a t  s i n c e  th e  m iners record  th e  number of ho les  
d r i l l e d  th e m s e lv e s ,  th ey  might r e p o r t  d i s h o n e s t ly  on Mondays 
and o a tu r d a y s .  The Harmony Mine management i s  c o n f id e n t  t h a t  
the  r e p o r t i n g  i s  h o n e s t ;  however, as a check on th e  human 
f a c t o r ,  t h e  t o t a l  number of s to p in g  ho les  d r i l l e d  was compared 
w i th  t h e  t o t a l  amount o f  compressed a i r  used d u r in g  th e  
working s h i f t . P i  u re  30 shows t h °  d a i l y  d i s t r i b u t i o n  of 
th e  t o t a l  number of s to p in g  h o les  d r i l l e d  and of th e  t o t a l  
amount o f  com pressed t i r  used between 7 .00 a.m. and 3 .00  p.m. 
The com pressed a i r  i s  a l s o  used f o r  purposes o th e r  than  rock  
d r i l l i n g ;  how ever, s in c e  t h e r e  a re  no s e r io u s  d i s e r  panc ie s  
between th e  two d i s t r i b u t i o n s ,  i t  can be concluded t h a t  th e  
r e p o r te d  h o le s  ' r i l l e d  r e f l e c t s  th e  t r u e  s i t u a t i o n .  The 
s l i g h t l y  s m a l l e r  amount o f  compressed a i r  used on S a tu rdays  
shown i n  P i  u r e  30 i s  n o t  n e c e s s a r i l y  i n d i c a t i v e  f  l e s s  
d r i l l i n g , s i n c e  d r i l l i n '  can s t a r t  b e fo re  7 .0 0  a.m . on 
S a tu rd a y s .  F ig u re  31 shows th e  d a i l y  d i s t r i b u t i o n  o f  (a) 
a l l  th e  se ism ic  e v e n ts  ne.’r  th e  r e e f  a t  Harmony, (b) a l.  
th e  s e is m ic  e v e n t s  a t  V irg in ia  and (c )  a l l  the  s e is m ic  ev en ts  
a t  the Inrmony S i l l .  B reak ing  th e s e  d i s t r i b u t i o n s  down in to  
d i s t r i b u t i o n s  f o r  d i f f e r e n t  s ized  ev en ts  y i e l d s  p a t t e r n s  
s i m i l a r  to  th o s e  in  F ig u re  31. The ev en ts  m a r  the  r e e f  
have a d i s t i n c t  minimum on Sundays and a weak marl mum in  
t h e  m iddle  o f  th e  week. The la rg e  number of e v en ts  on 
Sundays a g a i n  i n d i c a t e *  time dependent b eh av io u r  i n  rock
f r a c t u r i n g .
/  FIGURE 29 . . . .
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f i g u r e ,  32 s h o w ,  t h e  v a r i a t i o n  , 1 t h  t im e  o i  t h e  t o t a l  
num ber o f  s l o p i n g  h o l e s  d r i l l e d  er.oh w e e k ,  t h e  t o t a l  num ber  
o f  e v e n t s  n e a r  t h e  r e e f  a t  Harmony m  e a c h  w e e k ,  en d  t h e  
t o t a l  n u m b er  o f  e v e n t s  n e a r  t h e  H n m o n ,  h i l l  I n  e a c h  w e e k .
A f i r e  b r o k e  o u t  I n  t h e  m in e  o n  t h e  2 9 t h  O c t o b e r ,  1 9 6 4  
an d  b r o u g h t  m i n i n g  o p e r a t i c - .  t „  a  s t a n d s t i l l  o v e r  a  l a r g e  
p o r t i o n  o f  t h e  m i n e .  The r e d u c t i o n  i n  m i n i n g  a c t i v i t y ,  c a u s e d  
a m arked  d e c r e a s e  I n  t h e  s e i s m i c  a c t i v i t y  n e - r  t h e  r e e f ;  a t  
o t n e r  t i m e s ,  h o w e v e r ,  t h e  s e i s m i c  a c t i v i t y  h a s  f l u c t u a t e d  
w i d e l y  w h i l e  t h e  m i n i n g  a c t i v i t y  h a s  r e m a in e d  a p p r e c i a b l y  
c o n s t a n t .  T h e  e v e n t s  a t  t h e  Harmony 5 1 1 1  a r e  q u i t e  i n d e p e n d e n t  
o t  t h e  m i n i n g  r a t e ,  a l t h o u g h  the: p e a k s  i n  a c t i v i t y  r o u g h l y  
c o r r e s p o n d  w i t h  t h e  p e a k s  i n  t h e  s e i s m i c  - a c t i v i t y  n e a r  the  
r e e f .  F i g u r e  s h o w s  t h e  a c t i v i t y  o f  t h e  d i f f e r e n t  s iz e d  
e v e n t s ;  t h e r e  a p p e a r s  t o  be  n o  i n t e r d e p e n d e n c e  b e t w e e n  
T h e r e  w e r e  n o  o b v i o u s  s e a s o n a l  v a r i a t i o n s  and  no c o n n e c t i o n  
w i t h  e a r t h  t i d e s  c o u l d  b< u n d . S e i s m i c  e v e n t s  a t  t h e  
Harm ony S i l l  f r e q u e n t l y  o c c u r  i n  sw arm s w i t h  t h e  e v e n t s  
s e p a r a t e d  b y  a  f e w  s e c o n d s  t o  a f e w  h o u r s . The e v e n t s  n e a r  
t h e  r e e f  p l a n e  s h o w  a v e r y  much l e s s  m arked t e n d e n c y  t o  
s w a r m i n g .  E v e n t s  o f  m a g n i t u d e  1 0  and 1 0  f t . - l b s .  a r e  
u s u a l l y  p r e c e d e d  a n d  f o l l o w e d  by a  p e r i o d  o f  l o w  s e i s m i c  
a c t i v i t y  i n  t h e i r  i m m e d i a t e  n e i g h b o u r h o o d .  E v e n t s  o f  
m a g n i t u d e  1 0 *  f t . - l b s .  a r e  s o m e t i m e s  a c c o m p a n ie d  b y  two o r  
t h r e e  s m a l l  e v e n t s .  This, t y p e  o f  b e h a v i o u r  h i n t s  t h a t  t h e  
m e c h a n is m  c f  t h e  e v e n t s  i t  t h e  S i l l  i s  d i f f #  o n t  fr o m  t h e  
m e c h a n i s m  o f  t h e  e v e n t  a i n  t h e  r e e f  p l a n e .
/  FIGURE )2
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The Harmony « lna  k e e pa a r e d o , ,  of  t r e m o r s .  The
a n o te  of t h e  t im e  whenever they  f e l t  a trem or. This 
re c o rd  o b v io u s ly  canno t he com plete , and trem ors 
o r i g i n a t i n g  In  n e ig h b o u rin g  mines could a lso  have been 
r e c o rd e d .  By comparing th e  time a t  which a  trem or o ccu rre ,  
w i th  th e  t im e s  o f  t h e  se ism ic  e v e n ts ,  i t  was p o s s ib le  to  
I d e n t i f y  t h e  so u rc e  o f  th e  trem or and i t s  m agnitude. Of 
th e  r e p o r t e d  t re m o rs ,  80 p e rc e n t  corresponded w ith  se ism ic  
e v e n t s ,  t h e  re m a in d e r  p robab ly  o r ig in a te d  In  ne ighbouring  
m in es .  T ab le  I shows the pe rcen tage  o f  d i f f e r e n t  s iz e d  
e v e n ts  n o t ic e d  as tre m o rs .
The :-.ine a l s o  keeps a re c o rd  o f  "Rockburst R e p o r ts " .  
The damage t h a t  was re p o r te d  was p r im a r i ly  i n  the  n a tu re  
ol re c k  f a l l  s  which a f f e c t e d  an a r e a  ranging from 300 
s q u a re  f e e t  to  8000 square  f e e t  in  e x te n t .  Minor damage 
was n o t  r e p o r t e d .  In  some c a s e s ,  rock f e l l s  were 
accompanied by damage to  th e  f a c e ,  and in  20 p e rc e n t  o f  
th e  c a s e s  no r o c k f a l l  was r e p o r te d ,  bu t the damage was 
d e s c r ib e d  as " fa c e  bumped". 92 p e rc e n t  of the  r e p o r te d  
i n c i d e n t s  o ccu rred  in  d e c la re d  remnant a re a s ,  w h ile  th e  
rem a in i  ig i n c i d e n t s  occurred  on co m  r  abu tm ents .
S e ism ic  ev en ts  can be a s s o c ia te d  w ith  damage by 
com paring the  p lan  p o s i t io n  o f  th e  ev en ts  w i th  th e  known 
p o s i t i o n  o f  th e  damage. In  a number of cases  th e  time 
a t  w hich the  damn go occurred  was a l s o  known. S ine th e  
t im e  a t  which the  s e is m ic  even ts  occurred  i s  known, th e  
tim e  a t  w hich th e  damage occurred  can be de term ined  in  
th o s e  c a s e s  f o r  which th e  time was no t known.
/  TABLE I
-  7 6  -
M agnitude f t . - l b s .  W  1n4 , S10 10 l o 5 106 107 10e
T o ta l  Number o f  
E v e n ts  c ,c
Harmony + V i r g in i a  152 62 6 2
£ A s s o c ia te d  w ith
Trem0r8 °  4 '6  21 42 50 100
’ A ss o c ia te d  w ith
E a ™ n ? T & : g i n i a  I 8 -8 18-= 15.4 75 lo o  -
T o ta l  Number o f
E v e n ts :  Harmony 564 313 118 51 4 _
% A s s o c ia te d  w ith
R ep o r ted  Damage: 0 1*3 5 .1  22 0
Harmony
The d a ta  i n  t h i s  Table i s  f o r  the  period  11 th  August 
1964 to  11 th  Jan u a ry ,  1965, except f o r  th e  minor 
damage which covers  a 12 day p e r io d  on ly .
'ABLE I I
C o r r e l a t i o n  T o ta l  Icod D oubtful Very D oubtfu l Non
Number o f
I n c i d e n t s  660 264 35 40 321
Number o f
I n c i d e n t s  100* 40* 5* 6% 40.
as  * o f  T o ta l  ^
/  O f f i c i a l  . . . .
O f f i c i a l  " B o c k fc u r a t  r e p o r t s "  su b rd t te d  between t h e  
i l t h  AiV'ust, 1964 and 11th Jan u a ry , 1965 were c o m p a red  w i t h  
s e i s m i c  e v e n t s .  (Very few r e p o r t s  were subm itted  a f t e r  
1 1 t h  J a n u a r y ) .  81 p e rc e n t  of th e  rep o r ted  in c id e n ts  o f  
damage cou ld  be p o s i t i v e l y  i d e n t i f i e d  w ith  se ism ic  e v e n t s , 
th e  re m a in in g  i n c i d e n t s  were a l l  s m a l l .
A more i n t e n s i v e  experiment was conducted to  d e te rm in e  
th e  r e l a t i o n s h i p  between se ism ic  even ts  and minor damage. 
The s e is m ic  e v e n ts  were lo c a te d  w i th in  36 hours of t h e i r  
o c c u r re n c e .  Th c o -o rd in a te s  o f  th .  f o c i  o f  the  e v e n ts  
were im m ed ia te ly  re la y e d  to  the mine, whereupon an o b se rv e r  
would he s e n t  t o  th e  n e a r e s t  p o in t  to  the  focus  of each 
e v e n t  to  se t  w hether th e r e  had been any damage. This 
ex p er im en t was c a r r i e d  out f o r  12 days d u r in g  which time 
100 e v e n ts  w ere  lo c a te d  and nr o f f i c i a l  "Rockburst r e p o r t s "  
were s u b m it te d .  The n a tu re  of the  damage observed was 
sm a l l  r o c k f a l l s ,  broken s t i c k s  and s c a l i n g .  Table I shows 
the  p e rc e n ta g e  o f  d i f f e r e n t  s ized  ev en ts  caus ing  damage; 
m inor damage, i . e . , damage t h a t  i s  n o t r e p o r te d ,  and the  
o f f i c i a l l y  "R eported  damage" a re  shown s e p a r a t e l y .
/  FIGURE 34
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FIGURE 34
a )  THE DIURNAL DISTRIBUTION OF OFFICIALLY  
REPORTED DAMAGE.
b ) THE DIURNAL DISTRIBUTION OF SEISMIC EVENTS 
THAT COINCIDED WITH DAMAGE WHICH PREVENTED 
NORMAL MINING OPERATIONS IN  THE STORES.
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F ig u re  34a shows th e  d iu r n a l  d i s t r i b u t i o n  o f  o f f i c i a l l y  
r e p o r te d  damage from U t h  August, 1964 to  11th Jan u a ry ,  1965. 
This d i s t r i b u t i o n  shows a s u r p r i s i n g  amount o f  damage d u r in g  
th e  w orking  s h i f t ,  namely between 7 a .m . and 2 p.m. The 
Mine Management f e e l s  f  , t  t h i s  d i s t r i b u t i o n  a r i s e s  from 
b ia s e d  r e p o r t i n g ,  s in c e  on p sy c h o lo g ic a l  g rounds, a r o c k f a l l  
o c c u r r in g  d u r in g  the  working s h i f t  i s  more l i k e l y  to  be 
r e p o r te d  th a n  one o c c u r r in g  in  o f f - s h l f t  p e r io d s .  In  a d d i t i o n  
the  " r o c k b u re t  r e p o r t in g "  i s  n o t  com plete , consequen tly  an 
a l t e r n a t i v e  method f o r  a s s e s s in g  damage was ad o p ted .  The 
d a i ly  a c t i v i t i e s  in  each s tope  a r e  rec o rd ed ,  and i t  i s  thus  
p o s s ib le  to  d e te rm in e  th e  days on which the  normal mining 
o p e r a t io n s  were o b s t ru c te d  by r o c k f a l l s  o r  ro c k b u r s t s .  The 
number o f  days on which normal mining o p e ra t io n s  were p reven ted  
in  a s to p e  i s  a measure o f  the  s e v e r i ty  o f  th e  damage.
At Harmony th e  mining c y c le  tak es  th e  fo llo w in g  form: 
on one day a s to p e  face  i s  d r i l l e d  and b l a s t e d ,  and on the 
nex t day i t  i s  c lean ed  by means o f  s c r a p e r s .  No n ig h t  s h i f t  
work was c a r r i e d  on in  th e  s to p es  under c o n s id e r a t io n .
A ccording  to  t h i s  method of a s s e s s in g  damage, only ro ck ­
b u r s t s  o r  r o c k f a l l s  which p rev en ted  d r i l l i n g  and b l a s t i n g  
and s c r a p in g  a r e  co n s id e red  damaging.
In  o r d e r  to  i d e n t i f y  a se ism ic  even t w ith  an in c id e n t  
o f  damage, two c o n d i t io n s  have to  be f u l f i l l e d ; they have 
to  be c o i n c i d e n t  in  time and in  space . The ex ac t time a t  
which damage o ccu rred  i s  no t known, s in c e  th e  r e c o rd s  only 
g ive  th e  days on which a s to p e  was i n a c t i v e .  I f  a r o c k f a l l  
o ccu rred  a f t e r  th e  working s h i f t  had l e f t  th e  s to p e  a t  about
2 .0 0  p . m . , i t  would on ly  be n o t ic e d  on th e  nex t day, which 
would th e n  be reco rd ed  a s  the  f i r s t  i n a c t i v e  day. However, 
i f  th e  r o c k f a l l  occu rred  d u r in g  th e  working s h i f t ,  t h e t  day 
on which the  r o c k f a l l  o ccu rred  would be reco rd ed  as  the  
f t  r e t  i n a c t i v e  day . Thus, to  form a time c o r r e l a t i o n ,  the
/  se ism ic  .........
— 8 0  —
s e i s m ic  ev en t  musu have occurred  between 2 .00  p.m. on th e  
day b e fo re  t h e  f i r s t  I n a c t iv e  day end 2.0G p.m. on the f i r s t  
i n a c t i v e  d ay . When Monday was th e  f i r s t  In a c t iv e  day, the  
s e is m ic  even t must have occurred  between 2 .00  p.m. on 
S a tu rd a y  and 2 .0 0  p.m. on Monday. There a re  a few s i t u a t i o n s  
which do no t f i t  t h i s  time co incidence  c o n d i t io n ;  f o r  example 
i f  a ro ck  f a l l  o ccu rred  in. an ‘-'once t r a c k  c u t t i n g  ( a . t . c . ) 
d u r in g  th e  w orking  s h i f t ,  i t  would not p reven t d r i l l i n g  and 
b l a s t i n g  on th e  one s to p e  face  a d jo in in g  i t ,  bu t i t  would 
p re v e n t  c le a n in g  in  the  o th e r  s to p e .  Thus i t  was p o s s ib le  
f o r  one r o c k f a l l  to  cause i n a c t i v i t y  on d i f f e r e n t  days in  
" d jo in in g  s t o p e s .  Alro a r o c k f a l l  could bo fo llow ed  by a 
second r o c k f a l l  and a se ism ic  event a day o r more l a t e r ,  and 
th e  s e is m ic  even t would th u s  not be i d e n t i f i e d  w ith  any 
damage.
The a c c u ra c y  o f l o c a t io n  of th e  se ism ic  e v e n ts  in  
a p p ro x im a te ly  100 f e e t .  The accuracy  w ith  which th e  co­
o r d i n a t e s  of t h e  c e n t r e  o f  the  damage can be de term ined  i s  
a l s o  ab o u t 100 f e e t ,  s in c e  a s tope  face  can have a le n g th  
o f  1 0 f e e t  and a r o c k i a l l  a t  one end in  an a . t . c . , say , 
could cause  a s to p p a g e .  I t  i s  f e a s i b l e  t h a t  th e  f o c a l  
mechanism o f  a  s e ism ic  even t could ex tend  over a d i s ta n c e  
o f  100 f e e t ,  and i t  i s  a l s o  f e a s i b l e t h a t  a v io le n t  event 
cou ld  cause  a r o c k f a l l  a t  a d is ta n c e  o f 200 or 300 f e e t  away. 
Hence i t  has been co n sid e red  re a so n a b le  to  choose th e  
c o n d i t i o n  t h a t  th e  se ism ic  event should  be l e s s  than  500 
f e e t  away from th e  c e n t r e  o f  damage.
I t  was d ec id e d  to  make c o r r e l a t i o n s  on th r e e  bases  in  
o r d e r  t h a t  e x c e p t io n a l  c a s e s  and m isu n d e rs tan d in g s  in  the  
r e p o r t i n g  of th e  f i r s t  i n a c t iv e  day may be in c lu d e d :
/  1 )  Good . . . .
t )  sood c o r r e l a t i o n .  The oeiemlc event o u s t  occur b etw een
2 .0 0  p.m . on the  any b e fo re  and 2 .00  p.m. on the  f i r s t
i n a c t i v e  day end must be l e s s  than  500 f e e t  from th e  
c e n t r e  o f  damage.
i i )  D o u b tfu l  c o r r e l a t i o n .  The se ism ic  even t must occur
be twee. 2 .0 0  p.m. two days b e fo re  and 2 .00  p.m. one day 
b e fo re  t h e  f i r s t  i n a c t i v e  day, and must bo l e s s  than  
500 f e e t  from th e  c e n t r e  o f  damage.
H i )  Very D o u b tfu l c o r r e l a t i o n .  The se ism ic  event must l i e  
w i th in  700 f e e t  of th e  damage and must occur between
2 .0 0  p.m. th r e e  days b e fa re  th e  f i r s t  i n a c t iv e  day and
2 .0 0  p.m. one day a f t e r  th e  f i r s t  in a c t iv e  day .
i v )  No c o r r e l a t i o n .  No se ism ic  event can bo found which 
f u l f i l s  any of th e  c o n d i t io n s  in  c a te g o r ie s  ( i ) ,  ( i i )  
o r  ( i l l ) .
When more th a n  one se ism ic  even t f u l f i l l e d  th e se  
c o n d i t i o n s ,  th e  l a r g e r  even t was s e le c te d  u n le s s  th e  s m a l le r  
e v en t  was much c l o s e r  to  the  c e n t r e  of damage.
The Harmony Mine Management mode t h e i r  r e c o rd s  from the  
11 th  A u g u s t , 1964 to  18th O ctober, 1965 a v a i l a b l e  f o r  
e x a m in a t io n .  In  th e  re c o rd s  a d i s t i n c t i o n  was made between 
damage due to  r o c k f a l l s  and damage due to  r o c k b u r s t s .  
f a b le  I I  shows th e  number of in c id e n t s  o f  damage f a l l i n g  
i n t o  th e  d i f f e r e n t  c o r r e l a t i o n  c a t e g o r i e s ,  f o r  which a 
s e is m ic  e v e n t  can  be fo u n d . Only 11 p e rcen t  of th e  
i n c i d e n t s  l i e  i n  the  d o u b t fu l  c a te g o r ie s  and s in c e  only  a 
s m a l l  f r a c t i o n  o f  tnvse  in c id e n t s  can be expec ted  to  be 
d i r e c t l y  r e l a t e d  to  se ism ic  e v e n ts ,  they were grouped w ith 
th e  1 no c o r r e l a t i o n *  c a teg o ry  in  th e  fo llow ing  a n a l y s i s .
Thus i t  can be concluded t h a t  a t  l e a s t  h a l f  the  damage as 
n o t  accompanied by se ism ic  a c t i v i t y  of s u f f i c i e n t  i n t e n s i t y  
to  be lo c a t e d  by th e  se ism ic  r e c o rd in g  netw ork.
/  TABLE I I I  . . . .
TABLE I I I
i M agnitude of s e is m ic  e v e n t , f t - l b s . 107 10° 105 H O 105 ; No c o r r e l a t i o n
Belay o f  more th a n  
3 days
R ockbure t 2 11 0 4 3 -  I
R o c k f a l l 1 3 1 '0 0 1
Delay o f  
2 o r  3 days
R ockburs t - 6 1 6 i 6
i
11
4
R o c k fa l l - 12 2 3
i
3
r _ „ 2 9 _  . J
Delay o f  
1 day
j R ockburst - 23 4 23 | 26 76
1 R o c k f a l l - 14 19 42 49 2 5 3  |
Number o f  e v e n ts  c o in c id in g  
with damage 2 36 21
5 2 !
69 |
T o ta l  number o f  ev en ts
4
91 217 715 | 1542
Seism ic ev en ts  c o in c id in g  w ith 
damage, as  a p e rc e n ta g e  o f  t o t a l 50* 40?o 9 . 6 4 7.39" ' 4 .5>
number o f  e v e n ts
-  83 -
T able  I I I  shows the number of in c id e n ts  o f  damage
s i z e .  The aemDge has  been subd iv ided  In to  th re e  groups 
r e p r e s e n t i n g  the s e v e r i t y  of th e  d a m g o . There . . r e  660 
i n c i d e n t s  o f  dnnnge o f  which 80 p e rcen t  de layed
o p e r a t io n s  f o r  one d o ,  o n ly .  Amongst the  s m a l le s t  I n c id e n t s .
cnly  58 p e r c e n t  c o in c id e d  with se ism ic  e v e n ts ,  while amongst 
th e  l a r g e r  i n c i d e n t s  about 48 p e rcen t  c o in c id ed  w ith se ism ic  
e v e n ts .  H o ck b u rs ts  hcve been d e f in e d  by Cook c t .  n i . ^ ^ l )  Qg 
"damage to  underground workings caused by u n c o n tro l le d  
d i s r u p t i o n  o f  rock  a s s o c i a t e d  w ith  a v io le n t  ro lu n ee  of 
energy  a e d i t i o n a l  to  t h a t  d e r iv ed  from f a l l i n g  rock f rag m e n ts " .
Bee - use  ab o u t  h a l f  o f  th e  in c id e n t s  o f  damage * epo rted  as 
r o c k b u r s t s  a r e  no t accompanied by se ism ic  e v e n ts ,  i t  must 
be conc luded  t h a t  a t  l e a s t  h a l f  o f  them a re  no t p roper 
r o c k b u r s t s . Damage r e p o r te d  as r o c k b u r s ts  shows a s l i g h t l y  
g r e a t e r  ten d en cy  to  be accompanied by se ism ic  ev en ts  than  
damage r e p o r t e d  as r c c k f n l l s , p a r t i c u l a r l y  i n  the  case  of 
sev e re  a g e .  Thus ever, though a g r e a t  d e a l  of damage has 
been i i  r e c t l y  c l a s s i f i e d ,  some c a s e s  do show ro c k b u rs t  
c h a r a d e .  " * t c s .  Table  I I I  a lso  shows the  number of s e 4 jmxc 
e v en ts  t h ^ t  U n a id ed  w ith  damage; t h i s  number i s  shown as  
a p e rc e n ta g e  o f  t h e  t o t a l  number of se ism ic  ev en ts  o f  each 
s i z e  t h e t  o c c u r re d  ov e r  th e  same p e r io d  as  th e  damage. There 
a re  few er s e is m ic  e v e n ts  than  in c id e n t s  of damage s in c e  o f te n  
a s e is m ic  e v e n t  can be i u v n t i f i e d  w ith  damage i n  more than  
one s t o p e .  In  f a c t  more se ism ic  e v en ts  must have been 
a s s o c i a t e d  w i th  damage than th a t  g iv en  in  Table I I I ,  s in c e  
t h i s  a n a l y s i s  c o n s id e re d  damage n ea r  s to p e  fa c e s  o n ly .
The f a c t  t h a t  few se ism ic  e v e n ts  cause damage w i th in  a 
s h o r t  w h ile  o f  thoix  o ccu r ren c e ,  im p lie s  t h a t  th e  se ism ic
ev eh ts  must o ccu r  a t  a r e l a t i v e l y  l a r g e  d i s t a n c e  e i t h e r
/  ahead
cheod o f  th e  face  o r  above th e  f a c e .  This co n c lu s io n  len d s  
crud  -ncc to  ta e  v e r t i c a l  d i s t r i b u t i o n  o f  se ism ic  ev en ts  in  
F ig u re  16 . The v e r t i c a l  d i s t r i b u t i o n  o f  the  ev en ts  of
m agnitude 10 f t . - l b s .  which c o in c id e  w ith  damage i s  shown 
i n  T able  IV.
TABLE IV
8b0Ve *300 +200 +100 0 -100  
Number o f  e v e n ts  o f
m agnitude  10 f t . - l b s .  6 11 11 4
TABLE V
D is ta n c e  between 0—100 100—200 200—300 300—400 400-500
ev en t  and damage 
— f t .
Number o f  i n c i d e n t s  51 66 59 58 30
These e v e n ts  l i e  c l o s e r  to  th e  r e e f  p la n  than  th o se  .^n th e  
g e n e r a l  v e r t i c a l  d i s t r i b u t i o n  o f  f i g u r e  16. Table V shows 
the  d i s t r i b u t i o n  o f  th e  d i s t a n c e s  between the f o c i  of s e ism ic  
e v e n ts  and th e  c e n t r e s  of damage which c o in c id e  w ith  them; 
s in c e  so  many d i s t a n c e s  l i t  between 300 f e e t  and 500 f e e t ,  
i t  means t h a t  a number of e v e n ts  which co inc ided  w ith  
damage were n - a l l y  u n re la te d  to  th e  damage, p a r t i c u l a r l y  in  
th e  c a se  o f  sm a ll  se ism ic  e v e n t s .
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F ig u r e  34b shows the  d iu r n a l  d i s t r i b u t i o n  o f  th e  
s e ism ic  e v e n ts  which c o in c id e  w ith  damage. This d i s t r i b u t i o n
xs s i m i l a r  to  t h a t  o f  Fxgure 28 and d i f f e r e n t  from t h a t  o f  
F ig u re  34a , and confirm s th a t  the  o f f i c i a l  " ro c k b u rs t  
r e p o r t s "  were b ia se d  to-vards f r ig h te n in g  in s ta n c e s  o f
The main c o n c lu s io n  from t h i s  s e c t io n  i s  th a t  most of 
th e  damage o ccu rs  unaccompanied by seism ic  ev en ts  o r  the  
v i o l e n t  r e l e a s e  o f  energy . This im p lie s  t h a t  the  non­
v i o l e n t  dammg i s  due to  th e  c o l la p s e  c f  rock  t h a t  has 
a l r e a d y  been f r a c t u r e d . The only prcv. n t a t i v e  measure 
a g a i n s t  t h i s  damage i s  t c  reduce th e  degree  o f  f r a c t u r i n g  
around th o e x c a v a t io n  and th e  only  rem ed ia l measure is  to  
improve th e  s u p p o r t  in  th e  s to p c s . At Harmony, n in e - p o in t e r  
packs a t  8 f t .  8 i n .  c e n t r e s  c o n s i s t i n g  o f  2 f t .  8 i n .  
chocks have been used i n  non .a l  a t  opes . However, a t  
p r e s e n t ,  th e y  a r t  now u s in ;  th e  same n in e - p o in t e r  pack, 
but w i th  c o n c re te  b r ic k s  r e p la c in g  every a l t e r n a t e  row 
o f  t im b e r ;  t h i s  pack forms a  more r i g i d  su p p o rt
(P e t e r s e n  and Bot ha ' . The hang ingw all c o n d i t io n s  
have improved n o t i c e a b ly  w ith  the  new su p p o r t ,  and i t  i s  
a n t i c i p a t e d  t h a t  th e re  w i l l  be few er r o c k f a l l s  in  the  
f u t u r e .  The d eg re e  of f r a c t u r i n g  i s  dependent on th e
damage.
s t r e s s  cone
a l s o  on th e  r a t e  o f  e n e r g y r e l e a s e ,  thus by c o n t r o l l i ;  
the  r a t e  o f  e n e r g y  r e l e a s e ,  th e  e x te n t  of f r a c t u r i n g  
he c o n t r o l l e d .  I t  has ,1  eady been shown t h a t  damage 
l a  d i r e c t l y  r e l a t e d  to  th r r a t e  o f  energy  r e l e a s e .
o n c c n t r n t io n s  ahead of t h e  f a c e ,  and th e r e f o r e  
ergy n g  
o f   r e l e a s e ,  t  t t  c  t i  can
/  r.:tch-mlam of  . . . .
Mechanism o f  S r la K lc  Ev r ^
I t  has  been shown t h a t  on ly  a minute f r a c t i o n  of th e  
energy  r e l e a s e d  a p p ea rs  in  a  v io l e n t  form., th e r e f o r e  t h e r e  
must be a  l a r g e  s c a le  mechanism fo r  d i s s i p a t i n g  th e  bu lk  of 
th e  en e rg y  s t a b l y .  The v i s c o s i t y  of hard rock  i s  f a r  too 
h ig h  to  d i s s i p a t e  any a p p re c ia b le  amount o f  energy in  th e  
t im e  s c a l e s  common in  m in ing , consequently  th e  only  way in  
which energy  can be d i s s i p a t e d  i s  by deve lop ing  o r  cau s in g  
movement on f r a c t u r e  s u r f a c e s .  Most p l a s t i c  behav iour in  
har'd ro c k  can be a t t r i b u t e d  to  the growth o f  numerous sm all  
c ra c k s  ( G r i f f i t h  c r a c k s ) ,  w h ile  t r u e  p l a s t i c  behav iour i s  
n e g l i g i b l e .  I n  p roducing  f r a c t u r e  s u r f a c e s ,  energy can be 
d i s s i p a t e d  in  t h r e e  fo rm s, nam ely, k in e t i c  energy , f r i c t i o n a l  
energy  and s u r f a c e  energy  which in c lu d e s  p l a s t i c  de fo rm a tio n  
a t  c ra c k  t i p s .
At t h i s  s t a g e  i t  i s  worthw hile to  review  some of th e  most 
r e c e n t  work on rock f r a c t u r e .  In  a comprehensive a n a l y s i s ,  
Hoek(10) has  shown t h a t  th e  G r i f f i t h ' s  Oracle Theory, m odified  
f o r  c lo s e d  c ra ck s  u n d e r  com pression , s a t i s f a c t o r i l y  p r e d i c t s
th e  o n s e t  o f  c rack  growth under s t a t i c  lo ad in g  c o n d i t io n s .  
The o n s e t  o f  c rack  growth i s  expressed  by
t  -  U6n  -  -  ( V2 -  V)
where t  -  s h e e r  s t r e s s  p a r a l l e l  to  c rack  s u r f a c e s  
o = s t r e s s  normal to  c rack  s u r fa c e s
(5)
n
u = c o e f f i c i e n t  of f r i c t i o n  between crack s u r fa c e s
o. = t e n s i l e  s t r e n g th  o f  rock
t  -
o = u n i a x i a l  com pressive  s t r e n g th  o f  ro c k ,  
c
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E q u a tio n  ( 5 ) i s  dependent on th e  o r i e n t a t i o n  of the  c ra c k s
and th e  c r a c k s  most l i k e l y  to  f a i l  have an o r i e n t a t i o n  
g iv en  by
ta n  26 = ^ /u
where 9 = th e  a n g le  between the crack s u r fa c e s  and the  
maximum p r i n c i p a l  s t r e s s .
G r i f f i t h ' s  th e o r y  p r e d i c t s  th a t  rock  f a i l s  under 
s t r e s s  c o n d i t io n s  i n v e r s e ly  p ro p o r t io n a l  to  the sq u a re  ro o t  
o f  t h e  c ra ck  le n g th .  B race ( 23  ^ has shown t h a t  th e  t e n s i l e  
s t r e n g t h  o f  s e v e r a l  ty p e s  o f  rock  is  p re d ic te d  by th e  
G r i f f i t h ' s  th e o ry  when th e  c rack  le n g th  i s  taken  as th e  
maximum g r a i n  d ia m e te r ,  an'' in  th e  case  o f  l im e s to n e ,  th e  
t e n s i l e  s t r e n g t h  i s  in v e r s e ly  p ro p o r t io n a l  to  th e  square  
r o o t  o f  the  maximum g r a i n  d ia m e te r .  Equation (5) t h e r e f o r e  
can be w r i t t e n  in  the  f j rm
c =  11  . . . . .  (7)
( t  -  UOn ) 2
where 2c = c ra c k  l e n g th  
a = c o n s ta n t
Brace and nprr.b^lakis  ^ and Hoek and Pientaw3k_i 
have shown t h a t  under  com pression , c ra ck s  do no t grow along  
t h e i r  own l e n g t h ,  but grow in  a d i r e c t i o n  such t h a t  th ey  
tend  to  become p a r a l l e l  w ith  th e  d i r e c t i o n  o f  th e  maximum 
p r i n c i p a l  . t r e e . .  Cook and F a i r h u r g t ^ 1 have used t h i s  
phenomenon to  e x p la in  the  f a i l u r e  mode , . s u i t i n g  In  the  
fo rm a t io n  o f  s l a b s  p a r a l l e l  to  f r e e  s u r f a c e s .  They have 
a l s o  shown t h a t  t h i s  s t a b l e  o r  n o n -v lo le n t  f a i l u r e  mode i s  
d e p en d en t on the  method o f  lo a d in g  of the  r„ o k .
/  In a n a l y s i n g . . . .
In  a n a ly s in g  the  energy changes a s s o c ia te d  w i th  the  
e x te n s io n  o f G r i f f i t h ' s  c r a c k s ,  Cbok(15) has shown t h a t  
th e  r a t e  a t  which energy i s  su p p lie d  to  the  ro ck  by the 
lo a d in g  system  d e te rm in es  w hether the rock  f a i l s  v i o l e n t l y  
o r  n o n - v i o l e n t l y . He a lso  shows t h a t  under c e r t a i n  
c o n d i t i o n s , the ro ck  can f a i l  sp o n tan eo u s ly .  Since t h i s  
work i s  h ig h ly  p e r t i n e n t  to  the  ro c k b u rs t  problem i t  has 
been examined i n  g r e a t e r  d e t a i l ,  and extended s l i g h t l y .
The s t r a i n  energy  s to r e d  around an i n f i n i t e l y  long  
s l i t - l i k e  c rack  o f  w id th  2c , and in  a p lane  s t r a i n ,  t e n s i l e  
s t r e s s  f i e l d ,  p e r  2c le n g th  o f  crack  i s  given by
Ws l  ”  71 ~^I~ ^  °2 . . . . .  f 0rowan(2 7 ) )
where v = P o i s s o n 's  R atio
G = Modulus o f  r i g i d i t y
o = t e n s i l e  s t r e s s  in  a d i r e c t i o n  normal
to  c rack  s u r f a c e s .
The en e rg y  stored around a penny-shaped c rack  of d iam e te r
2c i n  a  t e n s i l e  s t r e s s  f i e l d  is  g iv en  by
* 4 ,2  03   ( W 2 8 ) )
s2  3 G
The energy stored around a s l i t - l i k c  c ra ck  in  a p lane  
s t r a i n  com pressive s tr e s s  f ie ld  pur 2c l e n g th  of crack  
i s  g iv e n  by
w „  1  : i  - ^ 1  o5   ( S t a r I;( : ‘, ) )
s3  2 G
where T -  eh e ir  s tr e s s  p a r a lle l w i t  , the  crack  s u r f a c e s .
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The energy  s to r e d  around th e  s l i t - l i k e  c racks  i s  5n/4  tim es 
th e  en e rg y  s to r e d  around a  penny-shaped c ra ck  in  a  t e n s i l e  
s t r e s s  f i e l d .  T h is  r a t i o  w i l l  be a ln o s t  th e  same in  
co m p ress iv e  s t r e s s  f i e l d s ,  d i f f e r i n g  only b y  a  f r a c t i o n  o f  
P o i s s o n 's  R a t io ,  which i s  i t s e l f  much l e s s  than  v  i t y .  
T h e r e f o r e ,  i t  i s  assumed t h a t  the energy s to r e d  tnjurai a 
penny-shaped  c rack  in  a com pressive s t r e s s  f i e l d  i s  g iv en  by
W3 = j  ^ "g V) t2 c ".................................  (E)
F o llow ing  an argument i d e n t i c a l  w ith  t h a t  given by 
Cook^1 \  th e  energy  s to re d  when t h e r e  i s  f r i c t i o n  between 
th e  c ra c k  s u r f a c e s  i s
Ws = I  ^ ( T 1  lT -  uon ) ' c ' .......... (9)
where ^ = c o e f f i c i e n t  of f r i c t i o n ,
0n = s t r e s s  normal to  crack  s u r f a c e s
and the  energy  d i s s i p a t e d  in  f r i c t i o n  as th e  c rack  s u r f a c e s  
move r e l a t i v e  t o  e ac h  o th e r  as the ro c k  i s  loaded from zero  
i s
Wp = f  ^  ~-'y l  (T -  uon ) pon c- .. (10)
I f  t h e r e  a re  n c ra c k s  per u n i t  volume, arid i f  th e  i n t e r ­
a c t i o n  o f  c ra ck s  i s  ig n o re d ,  the  t o t a l  energy  s to re d  around 
c ra c k s  and d i s s i p a t e d  in  them as the  rock i s  lo ad ed , i s
(Wq ♦ W-) n -  f  (1 -  v l  n c 5 ( t -  Udn ) r  .........  (11)
G
The energy  s to r e d  in  an e l a s t i c  m a te r i a l  without, c rack s  
u n d e r  p la n e  s t r a i n  c o n d i t io n s  is
WE ‘  4 G
i  (I ~ ^ _ f>k +1 ••••• (JaOfie ^  )
lo re  o1 = maximum p r i n c i p a l  s t r e s s
c  I n i  rum v r i : .  i f  i  3 t i - - . S £  =  ^  
maximum p r in c ip a l  s t r e s sk ==
Thus t h e  t o t a l  energy  per u n i t  volume su p p lied  to  a m a te r ia l  
c o n ta i n in g  G r i f f i t h ' s  c rack s  i s
"  "  U  -  2k +  1  +  #  no) ( T  _  * 0  )  I  ,
1-v ■> n 2~j
1 1 °1
-  / 2 C i  e 1  +  a / 2 o 3  e 3
■ 1/2 o 1 + ke^)
where and e^ a r e  the p r i n c i p a l  s t r a i n s  in  the  m a te r i a l  
c o n ta i n in g  c r a c k s .
Now
t = 1 / - ,c1 (1 -  k) Sin 29
°n = 1 /2 o 1 (1 + k) -  1/2 o 1 (1 -  k) Cos 29
and r  -  uo i s  a maximum when ta n  29= —n
Thus th e  e q u a t io n  f o r  W can be r e w r i t t e n  in  th e  form 
G1 + k c3 = °1 f k J - 2k l i r  + 1 +
{(1  -  k ) 2 -  (1 -  k2 ) = & =  } ]
/  1 +
  ( 1 2 )
E q u a t i o n  ( 1 2 )  i s  o n l y  v a l i d  f o r
-  yrI i Z <  k <
V, + p n ~ i?  + v
s i n c e  s l i p  c a n  o n l y  o c c u r  on  t h e  c r a c k  s u r f a c e s  . h e n  
t  -  p o n >  0 ,  an d  s i n c e  f r i c t i o n  c a n  o n l y  o c c u r  . h e n  
o > 0 .  F o r  k c o n s t a n t , E q u a t i o n  (1^') y i e l d s  a l a m i l y  
o f  s t r a i g h t  l i n e s  M ien  0% i s  p l o t t e d  n g a i n s t  t  k e , ,  
a s  i n  F i g u r e  '35.
/  FIGURE 35
o(t ♦ l i t ) X161
FIGURE 35 GRIFFITH'S LOCI UNDER DIFFERENT LOADING CONDITIONS
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Th, p re se n c e  o f  c re ek s  e f f e c t i v e l y  reduces  the  r i g i d i t y  of 
th e  m a t e r i a l .
I f  t h .  v a lu e  o f  c a t  f a l l u r *  i s  s u b s t i t u t e d  in  eq u a tio n  
( 1 2 ) ,  a fa m ily  o f  cu rves  r e s u l t  which r e p r e s e n t  the o n se t  of 
c ra c k  g ro w th .  S u b s t i t u t i n g  (?) in  (1 2 ) y ie ld s
c, +kc, = n, f k 2 -  2k + 1
tvi u X—V
+ 2 7 na? (1 -  k )   _________ _
3 y  !  + u 2 { ( !  -  k) ^  !  4 ^2 -  (1 + k) d) ’ o,*
= 0' l i i r i ^ + v ^  ......... (13)
The c u rv e s  d e f in e d  by e q u n t ic n  U 3 ) and shown in  F igure  35
have been  c a l l e d  G r i f f i t h ' s  : c c i .  Cook(lC’ ) has shown th a t
when th e  s lo p e  o f  the  G r i f f i t h ' s  Locus i s  n e g a t iv e ,  a d d i t i o n a l
energy  h as  t o  be su p p l ie d  to  the  rock  by th e  lo ad in g  system
to  cau se  th e  c ra ck s  to  p ro p ag a te ,  and v io l e n t  f a i l u r e  only
r e s u l t s  i f  energy i s  su p p l ie d  n t  a r a t e  g r e a t e r  than t h a t
(15)which th e  rock  can  a b so rb .  Cook' ' has  d e f in ed  b r i t t l e
f a i l u r e  a s  f a i l u r e  o c c u r r in g  when th e  G r i f f i t h ' s  lo c u s  i s
p o s i t i v e , s in c e  i t  appears  t i r t  in  t h i s  c o n d i t io n  rock  can
f o i l  s p o n ta n e o u s ly ,  r e l e a s i n g  the  redundan t s t r a i n  energy as
k i n e t i c  e n e rg y .  The G r i f f i t h ' s  lo c u s ,  however, only d e s c r ib e s
th e  o n s e t  o f  c rack  growth and not changes t h a t  take p lace
(25)a f t e r  c ra c k  e x te n s io n .  Hcek and PieniawBiti have shown
t h a t  c r a c k s  do no t p ropaga te  a long t h e i r  own l e n g th ,  but 
ten d  to  grow in  a d i r e c t i o n  approach ing  t h a t  of the maximum
p r i n c i p a l  s t r e s s , co n seq u en tly  (5) uoes not apply a f t e r  the
c ro ck s  have s t a r t e d  to  grow. The r e - o r i e n t a t e d  c ra ck s  re  
more s t a b l e  so t h a t  n o n - b r i t t l c  f a i l u r e  may s t i l l  o ccu r
when t h e  G r i f f i t h ' s  Locus i s  p o s i t i v e .
Even i f  t h e  d e t a i l s  o f  t h e  above a rg u m e n t  a r e  i n c o r r e c t ,  
i n  p r i n c i p l e  a c u r v e  s u c h  as  t h e  G r i f f i t h ' s  l o c u s  e x i s t s .
For th e  pu rp o ses  o f  t h i s  d i s c u s s io n ,  i t  i s  on ly  n ecessa ry
/  t o  n o t e  . . . .
t o  no t*  t h a t  c e r t a i n  m a te r i a l s  co n ta in in g  numerous c rocks  
may e x h i b i t  b o th  s t a b l e  and b r i t t l e  f a i l u r e ,  depending „„  
th e  lo a d in g  c o n d i t i o n s .  The b r i t t l e  f a i l u r e  of rock 
r e p r e s e n t s  an  i n t e r e s t i n g  p o s s i b i l i t y  f o r  the  mechanism of 
ro c k fc u rs ts .  A volume o f  rock  could spon taneously  become 
weaker by b r i t t l e  f a i l u r e ,  sc th a t  the  su rroun  tn g  rock
would su d d en ly  converge  on th e  f a i l e d  rock and produce k in e t i c
e n e rg y ,  a l s o ,  th e  s t a b l e  f a i l u r e  o f  rock  could account f o r  
th e  enormous amounts o f  energy d i s s ip a te d  s t a b ly  in  mining 
e x c a v a t io n s .
The G r i f f i t h ' s  Locus does not n e c e s s a r i ly  de term ine  when 
b r i t t l e  f a i l u r e  o c c u r s ; however, i t  can be used to  in d ic a te  
th e  more im p o r ta n t  lo a d in g  c o n d i t io n s  and rock p r o p e r t i e s  
which r e s u l t  i n  b r i t t l e  f a i l u r e .  From (1 3 ) ,  the  G r i f f i t h ' s  
Locus i s  v e r t i c a l  when
0 /  = 5 | ..................................................................  (14)
S u b s t i t u t i n g  (14) in  (13) y ie ld s
‘ ' 7 * 0  = (1 -  a !  |  p ......  a ? )
oi y 20 5
and s u b s t i t u t i n g  (15) in  (12) y ie ld s
_______________3 ( 1 — 2k 1-v + k 8)
E q u a t io n  (16) g i v e s  t h e  v a l u e  o f  n cJ when the  G r i f f i t h ' s  
Locus i s  v e r t i c a l .  B r i t t l e  f a i l u r e  c a n  o n l y  occur when n c ’ 
i s  l e s s  t h a n  t h a t  g i v e n  by (16)
/  FIGURE 36
FIGURE 36 GRAPHS SHOWING THE CRITICAL VALUES 
OF nC5 . BRITTLE FAILURE CANNOT OCCUR 
WHEN nC^ LIES ABO/E THE < RAPHS.
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F ig u re  36 ahowe th e  c r i t i e & l  v a lu e ,  o f  n o '  f o r  d i f f e r e n t  
c o e f f i c i e n t ,  o f  f r i c t i o n  and p r i n c i p a l  , t r e „  r a t i o , .  A, 
k i n c r e a s e s ,  n c 3 has to  be l a r g e r  f o r  s t a b l e  f o i l u r e  to  
o c c u r ,  end s in c e  the c r i t i c a l  va lue  of n c3 approaches i n f i n i t y ,  
i t  i s  a lw ays  p o s s ib le  to  f in d  a s t r e s s  f i e l d  which w i l l  r e s u l t  
in  b r i t t l e  f a i l u r e ;  however, the  o e jn i tu d e  of t h i s  s t r e s s  
f i e l d  m s t  a l s o  i n c r e a s e .  Rock types  w ith  a h ig h e r  va lue  of 
M tend  t o  bo nore  b r i t t l e .  For dyke n o t o r i a l  p bout 1 .5  
and f o r  W itw aters rand  q u c r t z i t e  p i s  about 1 (fjoek ^1 0 ' > f 
which cou ld  acco u n t fo r  the  tendency of roc icburs ts  to  occur 
n e a r  d y k es .
To form no me idea  o f  the maximum va lu e  o f  n c 3 th a t  can 
bo found 4n r o c k s ,  c o n s id e r  penny-shaped c rack s  of d iam e te r  
2c l y in g  a t  th e  g r a in  bounda rie s  a* ,u b ic  g ra in s  o f  s iz e  2c . 
Each cube i s  i n  c o n ta c t  w ith  s ix  c ra ck s ,  and each c rack  i s  
i n  c o n t a c t  w ith  two c u b e s ; thus  th e re  a re  th re e  c rack s  pe r  
volume o f  cube and t h e r e f o r e  n c 3 = ^ /8 .
T h is  v a lu e  hub been o v e r-e s t im a ted  s in c e  ne ighbouring  
c ra c k s  would be to u ch in g  each o th e r  and s in c e  a l l  c rack s  
would n o t  be a c t i v e .  A more reaso n ab le  e s t im a te  i s  h u re fo re  
n c 3 = 0 . 1 .  The c r i t i c a l  v a lu e  g iven  by (16) i s  g r e a t e r  th an  
0 .1 ;  how ever, t h i s  v r lu e  has a l s o  been o v e r -e s t im a te d  s in c e  
the  G r i f f i t h ’s Locus m erely  r e p r e s e n t s  the  i n i t i a t i o n  of 
c ra ck  g ro w th .  I t  t h e r e f o r e  seems p o s s ib le  t h a t  a rock  such 
a s  q u a r t z i t a  may e x h ib i t  both b r i t t l e  and n o n - b r i t t l e  f a i l u r e ,  
s in c e  th e  c r i t i c a l  va lu e  o f  n c 3 may be f a i r l y  c lo s e  to  0 .1  
when a l lo w an c e s  a r e  made fo r  ch^nge.i in  th e  d i r v c t i j n  o f  
c ra ck  propug t i o n .
/  S t . d i e  Energy. . . .
gtc .b l -' Sn^rgLV Disaip , + i
I t  has  been in d ic a te d  t h a t  th e  energy cou ld  be 
d i s s i p a t e d  by caus ing  the  s t a b l e  growth o f  numerous cracks  
and t h i s  p o s s i b i l i t y  i s  now in v e s t ig a te d .
Cook h^a determ ined th e  energy s to re d  around a 
B l i t - l i k e  c rack  and th e  energy d i s s ip a te d  i n  f r i c t i o n  as  th e  
c rack  i s  a llow ed  to  ex tend  in  rock  under lo a d .  Modifying 
t h i s  e q u a t io n  f o r  penny-rhr.pod c rack s  y ie ld s
(w. ♦ «„> ■ -  §  ( r ,  v )    ( I ? ,
Wljen k ~ f), the c rack  can only extend when Oi reach es  the 
u n i a x i a l  com press ive  s t r e n g t h .  Thus f o r  k = 0 and p = 1 
(17) becomes
(W8 + Wp ) '  = |  ^  c 5 0c ‘ ( .2 0 7 ) 1   (18)
I f  k > 0 (Wy + Wp) ' w i l l  be l e s s  than  th a t  g iv en  by (1 8 ) .
In  a d d i t i o n ,  energy has to  be provided to  develop  th e  f r e e  
s u r f a c e s  o f  th u  c ra c k  and t h i s  s u r fa c e  energy  is
W^, = 2n c 2 T
where T = f r e e  s u r f a c e  e n e rg y /u n i t  a re a
There! r e
(W3 + WF ) '  = 2800 c to  280 c
where v = 0 .1 r> G = 5 x 10' p . s . i .
T = 6 x 10"* to  6 c 1 0 " ’ l b . i n / i n 2, 
c i s  in  in c h e s .
I n  W i t w n t e r e r a n d  q u a r t z i t e  the  mnxiriuja g r a in  s i z e ,  -n,l
t h e r e f o r e  th e  e f f e c t i v e  c rack  s i z e ,  v a r i e s  from /1 0 0  inch
t o  1 i n c h .  Thus th e  f r e e  s u r fa c e  enor&r i s  s i g n i f i c a n t
o n ly  in  th e  case  of very  sm all  c r a c k s . In the  fo l lo w in g
d in c u a a lo n  on tho energy  d i s s i p a t e d ,  I t  I s  Ignored , s in c e
i t  can r e s u l t  i n  an e r r o r  o f  only a sm all f a c t o r .
/ In  # # * *
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In  an ide<_l longw^lj. 8to p e , the; QUxiQun amount of energy 
t h a t  con be r e l e a s e d  f o r  each volume v mined i s
WR = °o v   (20)
where a Q = v e r t i c a l  v i r g i n  s t r e s s .
For each  volume v ^ in ed ,  a volume V of rock must f o i l  
to  d i s s i p a t e  thv r e le a s e d  energy . Suppose the  rock c o n ta in s  
th e  maximum number o f  c rack s  end suppose t h a t  those  c rack s  
d oub le  i n  s i z e  so t h a t  th e  rock becomes alm ost in co m p e ten t , 
th e  maximum amount of energy t h a t  can be d i s s ip a te d  in  th e  
volume V by s t a b l e  c rack  growth i s
(Wg + WF ) '  nV = ( . 2 0 7 ) 2 x |  n ( 2 c ) '  0C* V
This  energy  must e q u a l  WR, so t h a t  V r e p r e s e n t s  the  minimum
volume o f  ro c k  t h a t  could p o s s ib ly  d i s s i p a t e  th e  energy .
3o0 0
I h u " v * 0 .34  x 2 (1 -  v) oc = no’   <21)
F o r t y p i c a l  v a lu e s  encoun tered  a t  H rmony,
oo = 6000 p . s . i .
0 = 5 x 10* p . s . i .  v = 0.15 
e r  ~ 30 ,000  p . s . i .
n c ’ mnx -  ° - 1 
th e n  V = 1700 v
T h is  i s  im p o s s ib le .  I f  th e  s to p in g  width i s  4 f e e t ,  th en  
th e  f a i l e d  zone would have to  extend from 3400 f e e t  above 
to  3400 f e e t  below th e  e x c a v a t io n .  T h e re fo re  th e  bulk o f 
th o  energy  r e l e a s e d  i s  no t d i s s ip a t e d  by the growth of
numerous G r i f f i t h ' s  c ra c k s .
The b a e le  m.,ch=nien o f  energy d i s s i p a t i o n  must be in  
f r i c t i o n ,  s 'n e e  s t r e s s  o o n c e n trc t lo n s  oround c ro c k s ,  e u rfo c e  
en e rg y ,  v i s c o u s  end p l a s t i c  e f f e c t s  con on ly  account f o r  o 
sm a l l  f r a c t i o n  o f  th e  energy d i s s i p a t e d .
/  T t  Jl 3 • • • •
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I t  i a  b col phenomenon t h a t  the rock  su rround ing  an 
e x c a v a t io n  ia  broken  in to  alm ost p a r a l l e l  s la b s  which s t r i k e  
i n  a d i r e c t i o n  n e a r ly  p a r a l l e l  w ith the  fa c e ,  ihe  s la b s  a re  
known to  move r e l a t i v e  to  each o th e r  and must th e re fo re  
d i s s i p a t e  energy i n  f r i c t i o n .  The f r a c t u r e  p lanes  which 
s e p a r a t e  th e  s l a b s  a re  commonly c a l l e d  sh ea r  p la n es ;  the  
mechanism o f  th e  development of th ese  f r a c tu r e  p lanes  i s  
n o t  known, b u t i t  could  be th e  s lab b in g  mechanism proposed 
by Cook and l a i r h u r s t ' '  h . I t  i s  not suggested  t h a t  the  
f r a c t u r e  zone around the working face  and the ene^py 
d i s s i p a t i o n  mechanism i s  sim ply one of p a r a l l e l  s l a b s  moving 
r e l a t i v e  to  each o th e r ,  but i t  i s  shown t h a t  a t  m odera te ly  
low s t r e s s  l e v e l s  and a l lo w in g  sm all movements, th e  energy 
r e l e a s e d  cou ld  be d i s s ip a t e d  i n  a com para tive ly  sm all  
volume o f  f r a c t u r e d  ro ck .
C o n s id e r  a volume of ro ck ,  V, which i s  broken in to  
s lo b s  o f av erag e  th ic k n e s s  t ,  and which d i s s i p a t e s  the 
energy  r e l e a s e d  by mining a volume, v . Let the  average  
f r i c t i o n a l  f o r c e  a c ro s s  the  s l a b  s u r f a c e s  oo pon and the 
av e rag e  r e l a t i v e  d isp lacem en t between s la b s  bi d .  Thus 
th e  energy  d i s s i p a t e d  in  f r i c t i o n  i s
Wf = p 0n d   ‘ ^
In  th e  c a se  o f  an  i d e a l  longw all  s to p e ,  th e  maximum energy
r e l e a s e d  by m ining a volume v i s  g iven  by (2 0 ) ,  end f o r
s t a b l e  energy  d i s s i p a t i o n  VR = Vf , thus
v oo t  .......... (23)
I f  u «  i  0 = 0 r , t  = 2 i  in c h ,  d * \  in c h ,  and the
s t o p i r *  L L  i s  4 f e e t ,  t h e n V - ^ h n d t h ,  f r a c t u r e  zone 
need on ly  e x t e n d  10 f e e t  i n to  the hangingw nll and 10 f e e t
i n t o  th e  f o o tw a l l .
„  l s  concludvd t h a t  th«  bulk o f  t h .  o n - rg ,  r o l . . . . d
co u ld  be 41. b lp o tc d  by f r i c t i o n  In  4 nmcll f m o t u r e  tone 
around th e  e x c a v a t io n .  /  U n s tab le . . . .
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U n stab le  R clcaso  n f  LntT.^
I t  i s  n tc e s s a r y  t h r t  th e  f r a c tu r e  zone crounl th e  face  
must advance c s  th e  fa c e  advances end th e  ex ten t  o f  t h i s  
zone must rem ain s u f f i c i e n t l y  l a r g e  so t h a t  the re le a s e d  
energy c_.ii be d i s s i p a t e  1 s t a b l y .  I f  f o r  any rea so n  the 
f r a c t u r e  zone i s  p reven ted  from advancing norm ally , the 
s t r e s s  c o n c e n t r a t io n s  in  the  s o l id  rock ctihecd of the  face  
become h ig h e r  and the volume o f th e  f r a c tu r e d  rock  becomes 
s m a l l e r  a s  the  fa c e  advances . E v en tu a lly  t h i s  f r a c t u r e  zone 
must grow, and s in c e  the  s t r e s s  c o n c e n t ra t io n s  in  th e  s o l id  
ro ck  a r e  .h ig h e r ,  t h e r e  i s  a g r e a t e r  tendency fo r  b r i t t l e  
f r a c t u r e  to  o c c u r , accompanied by the  r e l e a s e  o f  k in e t i c  
e n e rg y .  G e o lo g ica l  i r r e g u l a r i t i e s  can a f f e c t  th e  advance o f  
th e  f r a c t u r e  zo n e . For example, f r a c tu r e  i n n  dyke w i l l  
a lm ost c e r t a i n l y  occur a t  j t r e s s  l e v e l s  h ig h e r  than  th a t  
i n  the  su r ro u n d in g  qu; r t z i t e , so t h a t  the  development of 
t h j  f r a c t u r e  zone in tc  the  dyke w i l l  be r e t a r d e d .  In  
a d d i t i o n ,  dyke m a te r i a l  i s  o f te n  more b r i t t l e  than q u a r t z i t e .  
There i s  a l s o  reason  to b e l ie v e  t h a t  a dyke has a " s t r e s s  
s h i e l d i n g "  b e h av io u r ;  th e  v i r g i n  s t r e s s e s  in  th e  rock 
n e a r  a dyke can be d i f f e r e n t  from th a t  in  the  rock  a t  the  
-icme d e p th  but f u r  from the dyke, (B a r r o n ).  The s t r e s s  
f i e l d  i s  p ro b ab ly  d i f f e r e n t  in  the  rock on e i t h e r  s id e  of 
th e  dyke and d i f f e r e n t  from the  s t r e s s  in  the  dyke i t s e l f .  
C le a r ly  th e  developm ent o f  th e  f r a c t u r e  zone around an 
ad v an c in g  face  can be a f f e c t e d  t o  a f a r  g r e a t e r  e x te n t  
when th e  f a c e  i s  p a r a l l e l  w ith  the  dyke than  when i t  i s  a t  
r i g h t  a n g le s  to  i t ,  in  which c s s  th e  e x te n t  o f  the  f r a c t u r e  
zone can  be d i f f e r e n t  on e i t h e r  s id e  of t h e  dyke. When 
th e  f a c e  i s  p a n  1 1 ,1  w ith  the  dyke, th e re  i s  a g r e a t e r  
d i s tu r b a n c e  in  th e  f r a c t u r e  zone * u n  th e  face  , dv nces  (rom 
the  low s t r e s s  s i d e  o f  the  dyke. Mining e x p e r ien c e  does 
i n  f o c t  show t h a t  more d i f f i c u l t i e s  a re  encoun te red  on ore 
s id e  o f  n dyke th an  th e  o th e r .  /  Le£Jot,r ............
L e s s e r  g e o l o g i c a l  d i e c c n t l n u l t l o e  c a n  ^ l a o  a f f e c t
t h e  d e v e l o p m e n t  o f  t h e  f r a c t u r e  z o n e ;  d i f f e r e n t  s t r e s s  f i e l d s
c a n  o c c u r  o n  c i t h e r  s i d e  o f  a f a u l t  o r  a  j o i n t  p i  n e ,  and a
r e d u c t i o n  i n  t h e  s e p a r a t i o n  b e t w e e n  b e d d i n g  p l a n e e  c a n
r e s t r i c t  t h e  f r a c t u r e  z o n e .
( 13 )
Cook ' h a s  p r o p o s e d  a m ech an ism  i n  w h ic h  t h e  f a i l e d  
and  f r a c t u r e d  z o n e  a r o ’ind t h e  f a c e  a d v a n c e s  s m o o t h l y ,  b u t  
i n  a  c r u d e l y  p e r i o d  f a s h i o n  t h e  e x t e n t  o f  t h e  f a i l e d  z o n e  
s u d d e n l y  i n c r e a s e s .  The a r g u m e n t  f o r  t h i s  m ech a n ism  i s  
b a s e d  o n  t h e  s h a p e  and t h e r e f o r e  t h e  c o m p r e s s i b i l i t y  o f  t h e  
f a i l e d  a n d  f r a c t u r e d  z o n e .
I n  t h e  a b o v e  tw o  m o d e l s , t h e  u n s t a b l e  e n e r g y  r e l e a s e  
m u s t  n e c e s s a r i l y  o c c u r  n e a r  t h e  e x c a v a t i o n .  I t  i s  f e a s i b l e  
t h a t  b r i t t l e  f a i l u r e  c a n  o c c u r  i n  a  v o lu m e  o f  r o c k  a t  som e  
d i s t a n c e  r e m o v e d  fr o m  t h e  e x c a v a t i o n  w h e r e  t h e  s t r e s s  f i e l d  
c o u l d  b e  f a v o u r a b l e  f o r  s u c h  f a i l u r e  t o  o c c u r .  I t  i s  a l s o  
w i d e l y  b e l i e v e d  t h a t  r o c k b u r s t s  and e a r t h  t r e m o r s  a r e  
c \ u s e d  b y  s h e a r  o r  t e n s i l e  f r a c t u r e s .
/  V is u a l  Cbs r v ' t l o n s
V is u a l  Observ^t-iong
AG a  p re l im in a ry  m eans t o  determ ine the mechanism of 
v i o l e n t  e v e n ts ,  som e v i s u a l  e x a m i n a t i o n s  of hau lages  wore 
c a r r i e d  o u t .  The e g r e e  of s l a b b i n g  o r  f r a c tu r in g  around 
a  h a u l a g e  i s  an i n d i c a t i o n  of t h e  maximum s t r e s s  encountered  
in  the  l i f e  o f  t h e  h a u l a g e .  S h e a r  f r a c tu r e s  o r  t e n s i l e  
f r a c t u r e s  c c u l d  h e  r e v e a l e d  by evidence o f  r e c e n t  movement 
a t  f r a c t u r e  o r  j o i n t  p l a n e s  and by  t h e  p r e s e n c e  o f  open 
c r a c k s .
A l l  t h e  f o o t w a l l  h a u l a g e s  a t  Harmony w e r e  developed 
b e f o r e  e x t e n s i v e  s t u p i n g  t o o k  p l a c e  a b o v e  th e m .  In  
h a u l a g e s  b e l o w  f a c e s  w i t h  a  h i g h  e n e r g y  r e l e a s e  r a t e ,  the  
s l a b b i n g  a n d  f r a c t u r i n g  a r o u n d  t h e  h a u l a g e  w as s o  sev e re  
t h a t  o t h e r  ' e a t u r e s  w e r e  u s u a l l y  o b s c u r e d .  T h e r e  w a s  no 
e v i d e n c e  o f  o p e n  c r a c k s  o r  s h e a r  m ovem ent w h ic h  could be 
a s s u m e d  t o  e x t e n d  f a r  i n t o  t h e  s u r r o u n d i n g  r o c k .
A t  Harm ony t h e r e  i s  o n l y  o n e  h a u l a g e  i n  t h e  h o n g i n g -  
w a l l ,  w h i c h  f o r t u n a t e l y  w a s  d e v e l o p e d  o v e r  a f a i r l y  l a r g e  
m i n e d - o u t  a r e a .  F i g u r e  3 7  s h o w s  t h e  1 1  Level h a u l a g e ,
2 S h a f t .  T h i s  h a u l a g e  i s  n o t  p a r a l l e l  w i t h  t h e  r e e f ;  i t  
i n t e r s e c t s  t h e  U p p e r  S h n l e  M a rk er  a t  A and t h e  B a s a l  R o e f  
a t  B i  a t  0  i t  i s  a b o u t  2 0 0  f e e t  a b o v e  r e e f  ■ r e  a t  D I t  
i s  a b o u t  1 0 0  f e e t  a b o v e  r e e f .  I t  w a s  d e v e l o p e d  s i r u l t a n o o u s -  
l y  f r o m  t h e  r e e f  en d  and t h e  s h a f t  e n d ,  w i t h  t h e  r e s u l t  t h a t  
i t  " h o l e d  t h r o u g h "  a b o u t  midway .above t h e  w o r k e d - o u t  a r e a .  
F i g u r e  3 7  s h o w s  t h e  e x t e n t  o f  t h e  m i n e d - o u t  a r e a  w h en  t h e  
h a u l a g e  w a s  a l m o s t  c o m p l e t e  ( c o a r s e  h a t c h i n g )  an d  w h e n  t h e  
e x a m i n a t i o n  o f  t h e  h a u l a g e  w a s  m a d e .  The f o o t w a l l  o f  t h e  
h a u l a g e  w a s  c o n c r e t e  l i n e d  fr o m  t h e  s h a f t  t o  The
h a u l a g e  w a s  b e i n g  u s e d  a s  an  a i r w a y ,  s o  t h a t  t h e r e  w as  
s o m e  d u e t  c .  t h e  w a l l s ,  b u t  n o t  m r f f l c i e n t  t o  o b s c u r e  t h e
g e o lo g ic a l fe a tu r e s . /  pjoiuE 37
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Fr^rn «. uo tht.  a h r i f t , t h e  h a u l a g e  w a s  i n  good  
c o n d i t i o n ;  h o w e v e r ,  t h e r e  w a s  m ore s l a b b i n g  t h a n  i n  a  
h a u l a g e  i n  a  v i r g i n  s t r e s s  f i e l d .
From t n e  s h a f t  t o  t h e  e d g e  o f  t h e  s h a f t  p i l l a r  t h e  
s l a b b i n g  s t e a d i l y  b eca m e  w o r s e ; n e a r  t h e  s h a f t  t h e  s i d e ­
w a l l s  w e r e  l a c e d  w i t h  c a b l e  and a  f a i r l y  d e n s e  p a t t e r n  
o f  r o c k b o l t s  h a d  b e e n  u s e d ,  w h i l e  a t  t h e  e d g e  o f  t h e  s h a f t  
p i l l a r  a  num ber  o f  r o c k b o l t s  had s n a p p e d  and i t  had b e e n  
n e c e s s a r y  tc  i n s t a l l  a r c h  s u p p o r t .  The c o n c r e t e  i n  t h e  
f o o t w a l l  had  n u m e r o u s  c r a c k s  a c r o s s  i t ,  w h i c h  i n d i c a t e s  
r e d u c e d  s t r e s s e s  i n  t l r  d i r e c t i o n  o f  t h e  h a u l a g e .  T h i s  
o b s e r v a t i o n  must be t r e a t e d  w i t h  c a u t i o n ,  s i n c e  c a l c i u m  
c h l o r i d e  w a s  used i n  t h e  c o n c r e t e  and r e s u l t e d  i n  s e v e r e  
s h r i n k a g e .  Between C and F t h e r e  w e r e  som e j o i n t  p l a n e s  
and  f a u l t s  on  which r a t h e r  i n d e f i n i t e  s i g n s  o f  m ovem ent  
w e r e  v i s i b l e .  The j o i n t  p l a n e s  a p p e a r  t o  h a v e  o p e n e d  up 
b y  2 mn. t o  5 mm., and c o i n c i d e  w i t h  c r a c k s  i n  t h e  
c o n c r e t e .  T h e r e  w e r e  n o  s i g n s  o f  s h e a r  m o v e m e n t .
From the  edge o f  the  s h a f t  p i l l a r  t o  G, t h e  c o n d i t i o n s  
i n  th e  hau lag e  s t e a d i l y  improved. From C t o  D t h e  h a u l a g e  
was i n  rem arkab ly  good c o n d i t io n  w ith  a l m o s t  n o  s l a b b i n g  
o f  t h e  s id e w a l l s .  T h e re  were numerous j o i n t  p l e n e s ,  
s m a l l  dykes nd f a u l t s  on which no r e c e n t  movement w a s  
v i s i b l e .  Tb. r '  :< ap ' "  P '^ r c c t l y  s o l i d .
From D to  3 the  s la b b in g  in  the  hau lage  go t 
p r o g r e s s i v e l y  worse and was so sev e re  a t  E t h a t  th e
a a c t io n  o f  th e  h au lag e  was e f f e c t i v e l y  h a lv ed . Most
f e a t u r e s  were obscured  by s la b b in g ,  however, n e a r  E,
, n e r .  w„e a  v e r t i c a l  dyke 3 f e e t  wide which q u i te  c l e a r l y  
had open ings  a lo n g  I t s  s i d e s .  At t h i s  p o in t  the  h s i l n g .  
was a b o u t  .50 f e e t  noove the  e x c a v a t io n .
f  1 t • e * •
The o b s e r v a t i o n s  i n  t h e  h m g i n g w a l l  - l id  n o t  sh o w  t h e  
e x i s t e n c e  o f  e x t e n s i v e  s h e a r  m o v em en ts  o r  i  a s i l e  r u p t u r e s ,  
an d  f o ” t h e  m o s t  p a r t ,  t h e y  w e r e  c o n s i s t e n t  w i t h  a  
c o n t i n u o u s  e l a s t i c  r o c k  m s s .
I n  g o i n g  fiTom C to  D, a  d i s t a n c e  o f  1 0 0  f e e t  n o r m a l  
t o  t h e  r e e f  p l a n e  was e f f e c t i v e l y  t r a v e r s e d .  I n  a l l  t h i s  
r e g i o n ,  t h e r e  r a s  d e f i n i t e l y  n o  s i g n  o f  b e d d i n g  p l a n e  
s e p a r a t i o n .  On t h e  o th e r  hand, t h e  s t r a i n  m e a s u r e m e n t  i n  
t h e  V e n t i l a t i o n  S h a f t  showed t h a t  e x t e n s i v e  b e d d i n g  p l a n e  
s e p a r a t i o n  occu rred  b e t w e e n  the  r e e f  and t h e  U p p er  S h a l e  
M a r k e r .  No s a t i s f a c t o r y  e x p l a n a t i o n  h a s  b e e n  fo u n d  f o r  
t h i s  d is c r e p a n c y .
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F i r s t  Motion T heory
The th e o ry  o f  F i r s t  Motions from se ism ic  sources  has 
been a u t h o r i t a t i v e l y  d e a l t  w ith  b , Knonoff and O i l b e r t ( ? 2 ) .
They u se  dynamic d i s l o c a t i o n  theo ry  to d e r iv e  the  e las todynam ic  
r a d i a t i o n  from a se ism ic  so u rce .  The se ism ic  source  i s  
v i s u a l i z e d  a s  a  g e o m e tr ic a l  d i s c o n t in u i ty  ac ro ss  which th e re  
e x i s t s  a  sudden  d i s c o n t i n u i t y  in  e i t h e r  one component o f  the  
s t r a i n  t e n s o r  o r  one component o f  the  d isp lacem en t v e c to r .
They show t h a t  t h e r e  a re  e ig h t  independent models. I f  the  
p la n e  z = 0 forms th e  g e o m e tr ic a l  d i s c o n t i n u i t y ,  then  th e  
e ig h t  in d e p en d e n t  changes which can occur a re  ( i )  the  sudden 
a p p l i c a t i o n  o f  s t r a i n  d i s c o n t i n u i t i e s  in  e , e , e , e
X X  J r j r  Z Z  Z X
o r  e zy a c r o s s  th e  boundary and ( i i )  th e  sudden a p p l i c a t io n  
o f  d is p la c e m e n t  d i s c o n t i n u i t i e s  in  ux , uy o r u^ , a c ro ss  th e  
boundary . I f  a d i s c o n t i n u i t y  in  the  n in th  term exy were 
su d d en ly  a p p l ie d  a c r o s s  th e  s u r f a c e ,  no motion would be 
r a d i a t e d . A s e i s m i c  sou rce  can c o n s is t  of a l i n e a r  com bination 
of any o f  t h e s e  r i g h t  d i s l o c a t i o n  ty p e s ;  nowever, in  p h y s ic a l  
s o u rc e s  o n e  o f  t h e s e  d i s l o c a t i o n s  w i l l  p redom inate .
The m a in  c o n c l u s i o n s  a r e  g i v e n  b e l o w  and have been 
p r e s e n t e d  in  a  fo rm  m ore  s u i t e d  t o  t h e  p r e s e n t  a p p l i c a t io n .
O n ly  t h e  r e s u l t s  f o r  P w a v e s  a r e  g i v e n .  The p l a n e  z = 0  i s  
t a k e n  a s  t h e  g eom etric  ,1  d i s c o n t i n u i t y  and  t h e  x d i r e c t i o n  
a s  t h e  d i r e c t i o n  o f  p r o p a g a t i o n  o f  t h e  s t r a i n  o r  d i s p l a c e m e n t  
d i s c o n t i n u i t y .  The s y m b o l  A w i l l  b e  u s e d  t o  r e p r e s e n t  t h a t  
p a r t  o f  t h e  a m p l i t u d e  o f  t h e  r a d i a t e d  w a v e  w h i c h  i s  s e n s i t i v e  
t o  t h e  d i r e c t i o n  o f  p ro p a g a t io n  o f  t h e  w a v e ,  i . e . ,  A d e s c r i b e s  
t h e  r a d i a t i o n  p a t t e r n .  T h e  o t h e r  s y m b o l s  u s e d  a r e ,
/  ( X  •  • • •
a = P~wave v e l o c i t y  
P -  3-wave v e lo c i ty
X = V e lo c i ty  of p ropaga tion  of th e  d i s lo c a t io n  
yx ' Yy ^  „ 'i re  d i r e c t i o n  c o s in e s .
A ll  the  s t r a i n  d i s lo c a t io n s  have a s im i l a r  f i r s t  motion 
r a d i a t i o n  p a t t e r n  which i s  u n a ffe c ted  by th e  v e lo c i ty  of 
p ro p a g a t io n .  These a re  shown in  F igure  33 and a re
\ z  ’ \ z ■ ' y
The p a t t e r n s  a r e  tw o - lo b e d , the  f i r s t  motion in  th e  one 
lo b e  r e p r e s e n t s  com pression and in  the  o th e r  i t  r e p r e s e n ts  
r a r e f a c t i o n .  These d i s l o  a t io n s  can r e s u l t  from th e  sudden 
y i e l d i n g  o r  f a i l u r e  of th e  m a te r ia l  on one s id e  of the 
boundary . The d isp lacem en t d i s c o n t i n u i t y ,  uy , a l s o  r e s u l t s  
i n  a p a t t e r n  independent o f  X and i s  shown in  F igure  38.
This  p a t t e r n  Au = yy y 7
i s  f o u r - lo b e d ,  w i th  a l t e r n a t i n g  lobes  of com pression and 
r a r e f a c t i o n .  Th is  ty p e  o f  d i s l o c a t i o n  co rresponds  to  s h e a r  
movement in  a d i r e c t i o n  a t  r i g h t  a n g le s  to  the  d i r e c t i o n  o f
p ro p a g a t io n .
The d isp la ce m e n t  d i s c o n t i n u i t i e s  in  u ,  and u ,  n re  
dependen t on X and the r a d i a l  on p a t t e r n s  a r e  shown I t  
, l . m r e .  39 and 40 r e s p e c t i v e l y , f o r  d i f f e r e n t  v a lu e s  o f  X.
/  FIGURE 38
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V  = 2 +
Au = i  + J i _  r . ?p 2
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In  both c a s e s  t h e  p a t t e r n s  d e g en e ra te  to  th e  two lobed 
p a t t e r n  when X ,  0 . However, In  p r a c t i c e ,  X has been found 
to  be o f  t h e  o r d e r  o f  1 / 2  p fo r  most m a te r i a l s .  Knonoff 
and G i l b e r t ' X )  have shown t h a t  i f  th e  d i s lo c a t io n  extends 
b i l a t e r a l l y  o r  r a d i a l l y  a long  the  boundary s u r f a c e ,  the  f i r s t  
m otion ra  i a t i o n  p a t t e r n  becomes equal to t h a t  fo r  X = ®.
Now th e  f i r s t  m otion r a d i a t i o n  p a t t e r n  depends only on the  
ve ry  l i r s t  changes a t  the  d i s c o n t in u i ty  su r fa ce .  In  p r a c t i c e , 
a d i s c o n t i n u i t y  w i l l  s t a r t  a t  a p o in t  and develop  approx im ate ly  
r a d i a l l y  i n t o  a d i s c o n t i n u i t y  s u r f a c e ,  thus i t  i s  q u i te  l i k e l y  
t h a t  d i s l o c a t i o n s  i n  u and u r e s u l t  in  t h e i r  r e s p e c t iv e  
p a t t e r n s  f o r  X = * . A d i s l o c a t i o n  in  ux co rresponds to  
s h e a r  movement on a  f r a c t u r e  s u r fa c e  p a r a l l e l  w ith  th e  
d i r e c t i o n  of p ro p a g a t io n ,  and a d i s lo c a t io n  in  uz corresponds 
to  th e  sudden p ro p a g a t in g  expansion  (o r  c o l la p s e  i f  m u l t ip l i e d  
by - 1 )  o f  a  l e n t i c u l a r  c a v i t y ,  the expansion (o r  c o l la p s e )  
t a k in g  p la c e  in  th e  d i r e c t i o n  of the  normal to  the  p lane  of 
t h e  c a v i ty  w a l l s .  The d i s l o c a t i o n  in  u^ could correspond 
td  a t e n s i l e  r u p tu r e  in  which case  n e a r ly  a l l  f i r s t  m e t ie rs  
would be c o m p ress io n ,  o r  i t  could correspond to  the  c o l la p s e  
o f f r a c t u r e d  rock  in  th e  ex ca v a t io n  and in  which case  n e a r ly  
a l l  f i r s t  m otions  would be r a r e f a c t i o n .
The sudden f a i l u r e  o f  n volume o f  rock can be regarded
as  the  a p p l i c a t i o n  o f  s t r a i n  d i s lo c a t io n s  between two
s u r f a e e s .  Knonoff and G i l b e r t ' 521 have g iven  th e  th eo ry  fo r
two d i s l o c a t i o n s  s e p a r a t e d  by a  sm all  d i s t a n c e ,  but have
o n ly  a p p l i e d  i t  to  d i s l o c a t i o n s  In  u ,  and e , z s in c e  they
/  considered . . . .
c o n s id e re d  the  o th e r  d i s lo c a t io n s  u n l ik e ly  in  ear thquake  
m echanism s. By ap p ly in g  th e  th eo ry  to  lam ina r  o r  double 
d i s l o c a t i o n s  i n  e ^ ,  lyy  and e ^ ,  i t  i s  found t h a t  th e  
f i r s t  m otions i n  a l l  d i r e c t i o n s  a re  r a r e f a c t i o n  and the  
p a t t e r n  i s  shown in  F igu re  41.
Vhen th e  th e o ry  i s  ap p l ie d  to  double d i s lo c a t io n s  in  e and
xz
cy Z a  fo u r  lobed p a t t e r n  r e s u l t s  as fo r  uy in  F igure  38. 
Thus, in  g e n e r a l ,  when a volume of rock  suddenly f a i l s ,  th e  
f i r s t  m otion  p a t t e r n  c o n s i s t s  of a summation o f th e  p a t t e r n s  
f o r  a l l  ‘ i v e  s t r a i n  components. The r e s u l t i n g  p a t t e r n  is  
t h e r e f o r e  p red o m in an tly  r a r e f a t i o n  and i s  independent o f  the 
v e l o c i t y  o f  p ro p a g a t io n .
Theory shows t h a t  fou r d i s t i n c t i v e  f i r s t  motion 
r a d i a t i o n  p a t t e r n s  can a r i s e ,  and they  a re  summarised as 
f o l l o w s :
i )  F i r s t  motion com pression i n  n e a r ly  a l l  d i r e c t i o n s .  
T h is  p a t t e r n  can r e s u l t  from a t e n s i l e  r u p tu r e .
11) F i r s t  motion r a r e f a c t i o n  in  n e a r ly  a l l  d i r e c t i o n s .  
T h is  p a t t e r n  can r e s u l t  from the  b r i t t l e  f a i l u r e  of 
a  volume of ro ck , or the  c o l la p se  of f r a c tu r e d  rock
i n  th e  e x c a v a t io n .
I l l )  Two-lobed p a t t e r n  r e s u l t i n g  from simple s t r a i n
d i s l o c a t i o n s  o r  d i s lo c a t io n s  in  ux and u^ when X
i s  v e ry  s m a l l .  
l v )  F o u r- lo b ed  p a t t e r n  w ith  a l t e r n a t i n g  lobes  o f  
com press ion  and r a r e f a c t i o n ,  a s s o c ia te d  w ith  
s h e a r in g  e f f e c t s .
/  FIGURE 41
FIGURE 41 FIRST MOTION PATTERN FOR DOUPlfi STRAIN DISLOCATIONS
IN e , e and <9 . ALL FIRST MOTIONS ARE RAREFACTION
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F i r s t  Motion Rem,nto
A b o u t  3 0  p e r c e n t  o f  t h e  f i r s t  m o t io n s  h s o  s n  e m e r g e n t  
c h a r a c t e r  w h i c h  c o u l d  n o t  b e  d i s t i n g u i s h e d  c l e a r l y .  O nly
f i r s t  m o t i o n s  t h a t  w e r e  p e r f e c t l y  d i s t i n c t  w e r e  u s e d  i n  
t h i s  a n a l y s i s .
I t  i s  p o s s i b l e  t h a t  a  s e i s m i c  w ave  c o u l d  f o l l o w  a  c u r v e d  
p a t h  s o  t h a t  t h e  a n g l e  o f  i n c i d e n c e  o f  t h e  w a v e s  a t  a  
s e i s m o m e t e r  i s  so m e w h a t  u n c e r t a i n , t h u s , w h e n e v e r  t h e  a n g l e s  
o f  i n c i d e n c e  w e r e  g r e a t e r  th a n  6 ^ °  t h e  f i r s t  m o t i o n  d a t a  
w e r e  r e j e c t e d . I n  t h e  o r i g i n a l  s e i s m i c  n e t w o r k , t h e r e f o r e ,  
n o  m ore  t h a n  s i x  s e i s m o m e t e r s  c o u l d  b e  u s e d  f o r  s e i s m i c  
e v e n t s  n e a r  t h e  r e e f  p l a n e .  C o n s e q u e n t l y  t h e  s e i s m i c  n e t w o r k  
w a s  m o d i f i e d  t o  make m ore s e i s m o m e t e r s  u s e f u l .  The t h r e e  
v e r t i c a l  s e i s m o m e t e r s  ( 2 ,  3 and 6 )  i n  t h e  r e e f  p l a n e  w e r e  
r e p l a c e d  by  h o r i z o n t a l  s e i s m o m e t e r s  o r i e n t a t e d  r a d i a l l y  t o  
t h e  s e i s m i c a l l y  m o s t  a c t i v e  p a r t s  o f  t h e  m i n e .  A s e c o n d  
a m p l i f y i n g  s t a g e  w a s  i n t r o d u c e d  i n t o  t h e  n e t w o r x  a t  e a c h  
s e i s m o m e t e r  s o  t h a t  t h e  f i r s t  m o t i o n s  w o u ld  be  m ore d i s t i n c t .  
I n  a d d i t i o n  f i v e  p o r t a b l e  s e i s m o m e t e r  s t a t i o n s  w e r e  s e t  up  
on  s u r f a c e ;  e a c h  s t a t i o n  had a  lo w  s p e e d  t a p e - r e c o r d e r  
w i t h  h i g h  g a i n  a m p l i f i e r s  s u c h  t h a t  t h e  f i r s t  m o t i o n s  from  
e v e n t s  o f  m a g n i t u d e  1 0 3  f t . - l b s .  c o u l d  b e  d i s t i n g u i s h e d .
T h e  o r i g i n a l  n e t w o r k  w i t h  t h e  s i x  u s e f u l  s e i s m o m e t e r s  
s h o w e d  t h a t  i n  t h e  c a s e  o f  t h e  s e i s m i c  e v e n t s  n e a r  t h e  r e e f  
p l a n e ,  t h e  m a j o r i t y  o f  t h e  f i r s t  m o t i o n s  w a s  r a r e f a c t i o n ,  
r e g a r d l e s s  o f  t h e  m a g n i t u d e  o r  o f  t h e  p o s i t i o n  o f  t h e  e v e n t  
r e l a t i v e  t o  t h e  e x c a v a t i o n .  In  1 9 5 2 ,  f ia n e .  S S i l f f i S n  and  
S t e n h o n *8 ' f o u n d  t h a t  i n  t h e i r  s u r f a c e  a r r a y  o f  s i x  
s e i s m o m e t e r s  o n  a  V i t w a t e r e r a n d  m in e  0 0  p e r c e n t  o f  t h e  
f i r s t  m o t i o n s  w e r e  r a r e f a c t i o n .
f  I p  "thi© •  •  •  •
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In  th e  m odified  se ism ie  ne tw ork , the  f i r s t  motions
could  be de term ined  w i th  c e r t a in t y  on about 9 o r  10
se ism om ete rs  f o r  each  e v e n t . This network was in  o p e ra t io n
f o r  a  montn and d u r in g  t h i s  p e r io d  100 se ism ic  even ts  were
a n a l y s e d ; they c o n s is te d  of some even ts  o f  magnitude 1C^
4 ,
and 10 f t . - l b s . , and a l l  th e  ev en ts  g r e a t e r  than  10 f t
l b s .  For 40 p e rc e n t  of the  se ism ic  e v e n ts ,  the  d i s t i n c t  
f i r s t  m otions were a l l  r a r e f a c t i o n ;  a c e n t r a l  p r o je c t io n  
o f  one o f  th e s e  e v en ts  i s  shown in  F igure  42. For 26 pe r­
c e n t  o f  th e  e v e n ts ,  one seismometer showed d i s t i n c t  
com press ion  w hile  th e  rem ainder o f  th e  d i s t i n c t  motions 
were r a r e f a c t i o n .  In  23 p e rc en t  of the c a s e s ,  only two or 
t h r e e  se ism om eters  showed com pression and th e se  seism om eters 
were spaced such t h a t  th ey  la y  w i th in  a cone w ith apex a t  
th e  f o c u s ,  F ig u re  43. In  a l l  c a s e s ,  the cone o f compressive 
m otion  la y  a t  an ang le  of l e s s  th an  30 to  th e  r e e f  p la n e .
The d i s t r i b u t i o n  p a t t e r n  of f i r s t  motions f i t s  n e i t h e r  
th e  fo u r - lo b e d  p a t t e r n  f o r  s h e a r  movements, nor th e  n ea r ly  
a l l  com pression  p a t t e r n  o f  a f a s t  o r  sym m etrical t e n s i l e  
r u p t u r e .  S ince the  se ism ic  network covers  mainly th e  upper 
h a l f - s p a c e ,  i t  could  be argued t h a t  the  r a d i a t i o n  p a t t e r n  
i s  in  f a r .  tw o-lobed  w ith  th e  r a r e f a c t i o n  lobe  in  the upper 
h a l f - s p a c e  and th e  com pression lo b e  in  th e  lower h a l f - s p a c e  
where i t  would n o t  be observed . The two-lobed p a t t e r n  could 
be produced  by a  s im ple  s t r a i n  d i s l o c a t i o n ,  a ve y slow 
t e n s i l e  r u p tu r e  p ro p a g a t in g  v e r t i c a l l y  a w a r d s  o r  a slow 
s h e a r  movement p r o p a g a t i n g  h o r iz o n ta l ly  and u n i l a t e r a l l y .
A s im p le  s t r a i n  d i s l o c a t i o n  I s  an unreasonab le  mechanism 
s in c e  I t  r e q u i r e s  th e  e x te n s iv e  f a i l u r e  o f  the  rock 
lo w er  n a l f - s p a c e .  The two ru p tu re  mechanisms a re  a l s o
A Compression 
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A CENTRAL PROJECTION OF THE FIRST MOTIONS OF A SEISMIC EVENT FOR WHICH ALL 
THE OBSERVED FIRST MOTIONS WERE RAREFACTION. THE + SIGN INDICATES THE 
SEISMOMETERS THAT WERE IN  THE UPPER HALF SPACE AND THE CIRCLE REPRESENTS 
t a n  0 * 1 .
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FIGURE 43 A CENTRAL PROJECTION OF THE FIRST MOTIONS RADIATED BY \  SEISMIC
EVENT FOR WHICH COMPRESSION WAS RADIATED IN A RESTRICTED DIRECTION. 
THE BROKEN LINE REPRESENTS THE PROJECTION OF A HYPOTHETICAL COMB 
AND THE CIRCLE REPRESENTS te n  0 * 1 .
u n i l a t e r a l l y ,  p a r t i c u l a r l y  a t  th e  a t a r t  of  the  m p t u r e ,  
t h e r e f o r e  I t  1 ,  expected  th a t  t t e  two-lobed p a t t e n ,  f o r  a 
r u p tu r e  physicejLly cannot e x i s t .
The mechaniam . h i c h  f i t a  th e  f i r s t  motion p a t t e r n  h e a t
i s  t h e  sudden f a i l u r e  of a volume o f  rock  (double s t r a i n
d i s l o c a t i o n )  or the  c o l la p s e  o f  f r a c tu re d  rook In  the  
e x c a v a t io n .
I t  was th o u g h t  t h a t  f o r  th o se  even ts  which r a d ia te d  
com press ion  the  d i r e c t i o n  in  which the  f i r s t  motions were 
com press ion  might show a c o n s is te n t  r e l a t i o n s h ip  to  th e  
e x c a v a t io n .  Most of th e  se ism ic  events  occurred on rem nan ts , 
so t h a t  no s i g n i f i c a n c e  could be a t ta c h e d  to  the  d i r e c t i o n  
Ox co m p ress io n ;  however, on any p a r t i c u l a r  remnant the 
e v e n ts  tended  to  r a d i a t e  compression in  the  same d i r e c t i o n .  
About 15 e v e n ts  o ccu rred  on one dyke o f which 7 r a d ia te d  
r a r e f a c t i o n  o n ly , the  rem ainder r a d ia te d  compression in  a 
d i r e c t i o n  a t  ab o u t 45° to  the s t r i k e  d i r e c t i o n  o f th e  dyke.
Seven p e rc e n t  of the  se ism ic  even ts  d id  not f i t  any of 
t h e  s t a n d a r d  p a t t e r n s  and a p r o je c t io n  of one of t h e s e  i s  
shown i n  F ig u re  44 . The f i r s t  motions cannot be s e p a ra te d  
i n t o  f o u r  compartments c o n ta in in g  compression and r a r e f a c t i o n  
by two s t r a i g h t  l i n e s .  Since no s t r a i g h t  l i n e s  can be found 
which could  form the  p ro je c t io n s  of two p lanes  a t  r i g h t  
a n g l e s , th e  mechanism o f th e se  ev en ts  cannot be a s h e a r  
movement o r  r u p tu r e .  I t  i s  noted th a t  ear thquakes  t h a t  
e x h i b i t  f a u l t i n g ,  c o n s i s t e n t l y  r a d i a t e  th e  fo u r- lo b ed  p a t t e r n
o f  F ig u r e  39 f o r  X « • .
D u ring  th e  p e r io d  t h a t  the  m odified network was in
o p e r a t i o n ,  on ly  th re e  seiem lo ev en ts  were lo c a ted  a t  th e  
Harmony S i l l •
/  FIGURE 44
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NOT FIT ANY STANDARD PATTERN. THE CIRCLE REPRESENTS ta n  0 = 1 .
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Those e v e n ts  were a l l  of magnitude 10^ f t . _ i b s . ,  and a 
number o f  th e  f i r s t  m otion, were i n d i s t i n c t  sc t h a t  the  
f i r s t  m otion  r a d i a t i o n  p a t t e r  was not co n c lu s iv e .  The 
d i s t i n c t  f i r s t  motions of t h e s e  e v en ts ,  however, were more 
f r e q u e n t l y  com pressive th an  fo r  th e  even ts  n e a r  the  
e x c a v a t io n ,  and a l l  could have f i t t e d  the  four-1obed p a t te r n  
S i m i l a r l y , f o r  the  ev en ts  lo c a ted  near the  Harmony S i l l  in  
th e  o r i g i n a l  ne tw o rk , about 50 p e rcen t  of th e  d i s t i n c t  f i r s t  
m o tio n s  were oom prcssive , and in  a l l  the c a s e s , th e  f i r s t  
m otions  cou ld  have f i t t e d  th e  fou r- lobed  p a t t e r n .  Thus 
the  mechanism o f  th e  even ts  a t  the  S i l l  may have been a 
s h e a r  movement.
Cook and Hodgson  ^^  have suggested  t h a t  in  a s t e a d i l y  
i n c r e a s i n g  com press ive  s t r e s s  f i e l d  in  r o c k . a compressive 
p u ls e  i s  a t t e n u a te d  more r a p id ly  than  a r a r e f a c t i v e  p u ls e .
I f  th e  a t t e n u a t i o n  i s  s u f f i c i e n t l y  g r e a t e r  in  compression, 
a l l  f i r s t  m otions  would appear as r a r e f a c t i o n .  However, 
t h e r e  were a few case s  in  which two seismometers were in  
l i n e  w i th  th e  focus  and w ith one seismometer much c lo s e r  
t o  th e  fo cu s  th an  the  o th e r .  Both seismometers always 
showed th e  same m otion, and in  the case  of c o m p r e s s i c n ,  
th e  m o tion  was a s  d i s t i n c t  a t  to e  f a r  seismometer as a t  
t h e  n e a r  se ism om ete r.  T herefore  i t  I s  though t th a t  th e  
d i f f e r e n c e  i n  a t t e n u a t i o n  between compressive and r a r e ­
f a c t i v e  p u l s e s  la  n o t  s u f f i c i e n t  to  n u l l i f y  the f i r s t
m otion  p a t t e r n s .
I n  c o n c lu s io n  i t  can be sa id  th a t  t h e  mechanism of
s e i s m ic  e v e n ts  i s  not a  t e n s i l e  or s W a r  r u p tu r e ,  but a 
v o lu m e t r i c  c o l l a p s e  o f  e i t h e r  f r a c h i r e d  roc*  o r  roc* t h a t
su d d en ly  f a i l s *
/  spcc t r a l _ AL-qlyB,U. •
S p e c t r a l  Analv a 1 b
The th e o ry  o f  tU jag aas  and S ta u d c r( m  , ^ 0* be 
a p p l ie d  to  th e  se is ra ic  e v e n ts ,  s in c e  the mechanism i s  n o t 
a s im p le  u n i l a t e r a l l y  p ropaga ting  ru p tu re .  A more d e t a i l e d  
a n a l y s i s  f o r  a p ro p a g a tin g  vo lum etric  c o l la p se  was n o t 
a t te m p te d  s in c e  sm all  d e v ia t io n s  from the id e a l  case  
s e r i o u s l y  a f f e c t  the  spectrum , which f o r  the  id e a l  case  would 
be com plex. The spectrum  can , however, s t i l l  be used to  
d e te rm in e  th e  d u r a t io n  of an event by making assum ptions 
a b o u t  the  v e l o c i t y  o f p ro p ag a tio n  and the dimensions of the  
s o u rc e  mechanism.
S in ce  a  se ism ic  event has f i n i t e  d u r a t io n ,  i t s  time 
b e h a v io u r  can be regarded  as the  product of a r e c ta n g u la r  
p u l s e  and some o th e r  fu n c t io n  o f  tim e, thus
f ( t )  = ( U ( t  + | t ) -  U ( t  -  I t ) ) x h ( t )
where U (t)  = u n i t  s te p  fu n c t io n
h ( t )  = a  f u n c t io n  of time r e l a t e d  to  the v e lo c i ty
o f  p ro p a g a tio n  and the dimensions of the
s o u rc e .
t = d u r a t io n  of the  source  mechanism.
The v e l o c i t y  of p ro p ag a tio n  may d i f f e r  in  d i f f e r e n t  
d i r e c t i o n s ,  b u t  i f  i t  i s  assumed th a t  i t  remains c o n s ta n t  
i n  e ac h  d i r e c t i o n ,  then  h ( t )  i s  independent of t im e .
A lso ,  i f  t h e  so u rce  dim ensions a r e  sm a ll  in  r e l a t i o n  to  
th e  wave l e n g th  o f  e l a s t i c  waves, i n t e r f e r e n c e  of waves 
r a d i a t e d  frcm d i f f e r e d  p a r te  o f  th e  so u rc e  can be ignored  
For exam ple, i f  the  dimensions o f  the  source  a re  100 f e e t ,
P waves o f  f requency  l e s s  than 100 c / s  appear as though 
r a d i a t e d  from alm ost a p o in t  so u rce ,  s in c e  « i s  19,000 
f t . / s e c .  Thus f o r  a  H  — cc and X -  c o n s ta n t ,  a t  a
d i s t a n t  P o in t ,  the time behaviour o f  th e  source appears
as
f ( t )  -  A { U ( t  ♦ f r )  _ u  ( t  _ | T) j  
where A = c o n s ta n t .
The F o u r ie r  t ran s fo rm  of t h i s  fu n c t io n  i s
F(h>) = At Gin ^tuu 
V 2n  I tuu
The minima in  t h i s  am plitude  spectrum occur a t  i n t e r v a l s
o f  2ti A f, t h e r e f o r e
Af
F ig u r e  45a shows a "m issilgram " of two se ism ic  even ts  
t h a t  o ccu rred  w i th in  seconds of each o th e r .  I t  can 
be s ee n  t h a t  th e  low fre q u e n c ie s  p e r s i s t  f o r  lo n g e r  than  
the  h ig h  freq*: n o t e s ; the m iss i lg ram s do not have 
s u f f i c i e n t  r e s o lu t io n  to y ie ld  any f u r t h e r  in fo rm a tio n .  
F ig u r e  45b shows ty p i c a l  s p e c t r a  o r  " s e c t io n s "  of th e  
P waves o f  an event of magnitude 10 f t . - l b s . , and of an 
e v e n t  o f  magnitude 10^ f t . - l b s .  I t  can bv seen th a t  
t h e r e  i s  v e ry  l i t t l e  s p e c t r a l  co n ten t  above 200 c / s ,  and 
t h a t  i n  the  c a se  o f  th e  107 f t . - l b s .  ev en t ,  the minima 
a r e  so  c l o s e l y  spaced t h a t  they  a re  alm ost i n d i s t i n g u i s h ­
a b le  ( th e  bandwidth of the  sp ec tro g rap h  i s  about 5 c / s ) .
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In  F ig u re s  46, 47 %nd 48, s e c t io n s  through th e  P waves 
between th e  P and 3 a r r i v a l s ) n (  aoro ty p ic a l  3 e le „ lc
a r c  shown on an expanded frequency s c a l e ,  t h e  a e 0 t l 0 n 8  a r e
f o r  d i f f e r e n t  se ism om eters  su rround ing  the  fo cu s .  F igu re  46 
i s  f o r  a  s e ism ic  event o f  magnitude 104 f t . - l b a . t h a t
o c c u r re d  100 f e e t  above th e  r e e f  and fo r  which a l l  observed 
f i r s t  m otions were r a r e f a c t i o n .  F igure  47 i s  fo r  an ev en t  
o f  m agnitude  106 f t . - l b a . ,  200 f e e t  above th e  r e e f  and f o r  
w hich a l l  observed  f i r s t  motions were r a r e f a c t i o n .  F igure 
48 i s  f o r  an even t o f  magnitude 5 x 104 f t . - l b s .  t h a t  
o c c u r re d  n e a r  th e  Harmony S i l l  and f o r  which 3 of th e  6 
d i s t i n c t  f i r s t  motions were compression.
The s p e c t r a  a r c  no t th e  same a t  th e  d i f f e r e n t  seismometers 
th u s  h ( t )  i s  no t c o n s ta n t  and the  source  mechanism i s  no t 
s p h e r i c a l l y  sy m m etr ica l .  The s p e c t r a  a re  only c rude ly  
s i m i l a r  to  t h a t  of a r e c ta n g u la r  p u lse ;  however, they  do 
show some d i s t i n c t  minima and i t  i s  p o s s ib le  t o  make an 
e s t i m a te  o f  th e  frequency  i n t e r v a l  between minima. In 
F ig u re  46 , Af i s  about 10 c / s  co rrespond ing  to  a d u ra t io n  
o f  r  = 1 /1 0  s e c . , in  F igure  47 Af i s  about 3 c / s ,  th e re fo re  
t  » 1/ 3  s e c . , and i n  F igure  48 Af i s  about 6 c / s ,  th e re fo re  
t = ^ /6  s e c .  These crude e s t im a te s  o f  the d u r a t io n  o f the  
s o u rc e  mocnanism co rrespond  roughly  w ith  th e  d u ra t io n  o f  the 
h ig h  a m p l i tu d e  p a r t  o f  the P wave on the  se ism ic  re c o rd .
S in c e  t h e  d im ensions  of th e  sou rce  mechanism a re  n e c e s s a r i ly  
l i m i t e d  to  d im ensions  of the  o rd e r  o f  100 f e e t ,  the  v e lo c i ty  
o f  p r o p a g a t io n  must be very  low. I n t u i t i v e l y ,  a low 
v e l o c i t y  o f  p ro p a g a t io n  i s  expected in  a /o lu m e tr ic
c o l l a p s e .
/  FIGURE 46
FIGURE 46 SECTIONS OR SPECTRA THROUGH THE P WAVES OF A SEISMIC EVENT OF 
MAGNITUDE 1 0 *  f t . - l b a .  THAT OCCURRED NEAR THE REEF PLANE. THE 
NUMBER BELOW EACH SECTION I S  THE NUMBER OF THE SEISMOMETER FOR 
WHICH THE SECTION WAS MADE.
r
FIGURE 47 SECTIONS OR SPECTRA THROUGH THE P WAVES OF A SEISMIC EVENT CF 
MAGNITUDE 10^ f t . - l b s .  THAT OCCURRED NEAR THE REEF PLANE. THE 
NUMBER BELOW EACH SECTION IS THE NUMBER OF THE SEISMOMETER FOR 
WHICH THE SECTION WAS MADE.
n
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FIGURE 48 SECTIONS OR SPECTRA THROUGH THE P WAVES OF A SEISMIC EVENT OF
MAGNITUDE 5 x  104 f t . - l b e . ,  THAT OCCURRED NEAR THE HARMONY SILL. 
THE NUMBER BELOW EACH SECTION IS THE NUMBER OF THE SEISMOMETER 
FOR WHICH THE SECTION WAS MADE.
In  c o n c lu s io n ,  the  mechanise of se ism ic  even ts  i s  not 
s u f f i c i e n t l y  s im ple  f o r  t h e s p e c t r a l  a n a ly s is  techn ique to  
r e v e a l  t h e  d im ensions of the  so u rce .
/  SUMMARY OF CONCLUSIONS.
summary of conclusions
The seism ic technique has proved to  be a most rewarding 
method of in v e stig a tin g  v io le n t rock fa ilu r e  underground. 
Dunne the f i r s t  year o f  recording 3100 seism ic events 
rtinging in  magnitude from  103 f t . - l b s .  t o  108 f t . - l b s .  were 
lo c a te d , and the accuracy with which the events could be 
located  w a s  -  100 f e e t  w i t h  90 percent confidence.
I t  w a s  l o u n d  t h a t  t h e r e  w e r e  tw o  d i s t i n c t  g r o u p s  o f  
s e i s m i c  e v e n t s .  9 5  p e r c e n t  o f  t h e  e v e n t s  o c c u r r e d  b e t w e e n  
t h e  r e e f  p l a n e  and  a  w eak  band o f  r o c k  3 0 0  f e e t  a b o v e  t h e  
rt t. f p l a n e , w h i l e  t h e  r e m a i n d e r  o c c u i r e d  n e a r  t h e  Harmony 
S i l l  a p p r o x i m a t e l y  2 4 0 J f e e t  a b o v e  t h e  r e e f  p l a n e . The 
s e i s m i c  o b s e r v a t i o n s  w e r e  com p ared  w i t h  so m e  e a r l i e r  s t r a i n  
m e a s u r e m e n t s  i n  t h e  V e n t i l a t i o n  S h a f t . T h i s  c o m p a r i s o n  
s h o w e d  t h a t  t h e  e l e v a t i o n  o f  t h  o e i s m i c  e v e n t s  c o i n c i d e d  
w i t h  t h e  e l e v a t i o n  o f  r e g i o n s  w h e r e  m e a s u r e d  e x t e n s i o n s !  
s t r a i n s  i n  t h e  r o c k  e x c e e d e d  t h e  o r i g i n a l  c o m p r e s s i v e  s t r a i n  
i n  t h e  r o c k .  I t  w as c o n c l u d e d  t h a t  r o c k  f a i l u r e  w as l i m i t e d  
t o  a  z o n e  e x t e n d i n g  t o  a  h e i g h t  o f  a p p r o x i m a t e l y  3 0 0  f e e t  
a b o v e  t h e  e x c a v a t i o n  and t h a t  t h e  z o n e  e x t e n d i n g  l a t e r a l l y  
a s  t h e  f a c e  a d v a n c e d ; h o w e v e r ,  r o c k  f a i l u r e  a l s o  o c c u r r e d  
i n  a  c o n f i n e d  r e g i o n  a t  t h e  Harmony S i l l .
A l a r g o  p r o p o r t i o n  o f  t h e  s e i s m i c  e v e n t s  an d  damage
d u e  t o  r o c k  f a i l u r e  o c c u r r e d  i n  t h e  p a r t s  o f  th e  m in e  which
w e r e  h i g h l y  s t r e s s e d .  The e n e r g y  r e l e a s e d  per u n i t  area
i n c r e a s e  i n  t h e  s i z e  o f  t h e  m in e  e x c a v a t i o n  w a s  com pared
w i t h  d a m a g e  d u e  t o  r o c k  f a i l u r e ,  s e i s m i c i t y  and t h e  s t o p s
l a b o u r  r e q u i r e m e n t s .  A l l  t h o s e  f a c t o r s  sh o w ed  a  marked
i n c r e a s e  a s  t h e  e n e r g y  r e l e a s e  r a t e  i n c r e a s e d .  I t  was
c o n c l u d e d  t h a t  t h e  r a t e  o f  e n e r g y  r e l e a s e  i s  a  s i g n i f i c a n t
p a r a m e t e r  i n  p r e d i c t i n g  t h e  m a g n i t u d e  o f  p r o b le m s  a r i s i n g
/  from  ...........
from rock fa ilu r e  .and that theae problems are e a s ily  
manageable when the ra te  of energy release i s  le s s  than 
10 f t . - l b s .  per fathom2 .
There was no d ifferen ce  in the behaviour 01 seism ic events 
of d iffe r e n t  s iz e ,  except that a l l  the events of magnitude 107 
f t . - m s .  and 108 f t . - l b s .  occurred a t dykes. Although b lasting  
tr iggered  a large  number of events, more than 50 percent 
occurred w ell ou tside b la stin g  time, and the rate at which 
seism ic  events occurred flu ctu ated  quite w idely , even when 
the rate o f mining was nearly constant.
Only a sm all fra ctio n  o f the damage w as accompanied by 
e ismic a c t iv i t y , which im plies that the damage was due to 
f a l l s  of rock which had been fractured before the rock fa lls  
occurred. The only manner in which th is  type of damage can 
be reduced is  to  reduce the extent of the fractured rock by 
reducing the energy re lea se  ra te , or by improving the t .n e  of 
support in the s to p es .
The to ta l  energy radiated by seism ic events of a 
p a rtic u la r  s iz e  exceeded the to ta l energy radiated by events 
o f  a sm aller s iz e .  A lso, the to ta l energy radiated by a l l  
the seism ic  events formed a very small fraction  of the energy 
released  by in creasin g  the s iz e  of the excavation, therefore  
a mechanism must e x is t  for d iss ip a tin g  large q u an tities of 
energy in  a s ta b le  manner.
Cook^1 ^  and  F a i r  h u r s t  a n d  Cook^ ^  have  inown t h a t
some rock types can f a i l  v io le n tly  or n o n -v io lsn tly ,
depending on the manner in which the rock is  loaded. I t
was shown that these th eories may explain the stab le
development of the fracture zone; however the large
q u a n tit ie s  of energy that are d issip a ted  * ‘.ably can only
be d iss ip a ted  by f r ic t io n  in  the fracture zone* a
/  r e la t iv e ly  . . . .
r e la t iv e ly  small fracture tone i s  required to d iss ip a te  
th is  energy.
H r s t  motion s tu d ies  of the mechanism of the seism ic  
even ts shewed th a t the mechanism was not a te n s ile  or shear 
fa i lu r e ,  but a  volum etric co lla p se . The mechanism could 
th erefore b e  a sudden growth In the fracture zone, or the 
c o lla p se  of fractured rock near the face or in  the worked- 
out areas, or the sudden fa ilu r e  of a volume of rock 
s l ig h t ly  removed from the excavation. The mechanism of 
the seism ic events near the Harmony S i l l  was not c lea r ly  
resolved but could, however, have been a shear movement.
The sp ectra l an a ly sis  did not reveal any usefu l 
inform ation except that the v e lo c ity  of propagation of the 
volum etric co lla p se  was low.
/  SUMMARY
APPENDIX 1
Because the seismometer, in  the . U i t a ,  i . e . ,  N o a . 7  
8 , show v e lo c i t ie s  higher than those near the re e l plane,
S higher P wave v e lo c ity .  Also there must be a l a  er rock
w ith  a very low propagation v e lo c ity  near the surface, since
seismometer 9 shows a low v e lo c ity .  Obviously the apparent
v e lo c ity  o f propagation from ar event to a seismometer w ill
then  depend on the p o sitio n  o f the event r e la tiv e  to the 
seism om eter.
The f o l l o w i n g  m e th o d  i s  p r e s e n t e d ,  w h i c h  e n a b l e s  t h e  
e l e v a t i o n  o f  a  s e i s m i c  event t o  be d e t e r m i n e d  i n d e p e n d e n t l y  
c f  t h e  v e l o c i t y  c a l i b r a t i o n ;  t h e  v e l o c i t y  c a l i b r a t i o n  c a n  
a l s o  b e  u s e d  t o  d e t e r m i n e  t h e  e l e v a t i o n  o f  t h e  s e i s m i c  e v e n t  
by t h i s  m e t h o d .  F i g u r e  1A s h o w s  a  s e i s m o m e t e r  a t  A, and two  
l a y e r s  h a v i n g  d i f f e r e n t  P w a v e  v e l o c i t i e s .  Say  V, > V,, t h e n  
a  w a v e  t r a v e l l i n g  f r o m  C t o  A w i l l  h a v e  t h e  p a t h  s h o w n .  The  
a p p a r e n t  v e l o c i t y  o f  t h e  P w a v e  fr o m  0  t o  A w i l l  be h i g h e r  
t h a n  t h e  a p p a r e n t  v e l o c i t y  fr o m  B t o  A, b e c a u s e  t h e  w a v e  
t r a v e l s  a  c o m p a r a t i v e l y  g r e a t e r  d i s t a n c e  i n  t h e  h i g h e r  
v e l o c i t y  m edium  fr o m  C t o  A t h a n  from  B t o  A. F i g u r e  2A 
s h o w s  t h e  v a r i a t i o n  o f  t h e  a p p a r e n t  v e l o c i t y  a s  X ( d i s t a n c e )  
c h a n g e s ;  i t  w i l l  b e  n o t i c e d  t h a t  t h e  a p p a r e n t  v e l o c i t y  
a p p r o a c h e s  a  maximum a s  X i n c r e a s e s .  The g e n e r a l  form  o f  
t h e  c u r v e  i n  F i g u r e  2A w i l l  b e  t h e  same f o r  a n y  num ber o f  
l a y e r s  i n  a n  a r b i t r a r y  o r d e r .
A n u m b e r  o f  s e i s m i c  e v e n t s  w e r e  s e l e c t e d  a t  random from  
asynuL2t r i c a l  p o s i t i o n s  r e l a t i v e  t c  t h e  two s e i s m o m e t e r s  i n  
t h e  s h a f t s .  The f o l l o w i n g  p r o c e d u r e  w as c a r r i e d  o u t  f o r  
e a c h  e v e n t . R e f e r r i n g  t o  F i g u r e  3A, t h e  p l a n  p o s i t i o n  o f  
t h e  e v e n t  w a s  o b t a i n e d  on  t h e  l o c a t o r  by m ea n s  o f  s e i s m o m e t e r s
/  1 t o  ...........
seismometer 7 seismometer 0
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h 1  The f00U8 TO8 a e llb - ^  to appear ab(,ve aM 
—  the reef  plane, ana , , r  eaeh e leva tion , the aietanoee
n " = „  " e r e  m e a s u r e d .  The t r a v e l  t im e  from  t h e  f o c u s  t o  t h e
c f  o r i g i n ,  d e t e r m i n e d  on  t h e  l o c a t o r .  H e n c e ,  t h e  a p p a r e n t  
v e l o c i t i e s  v^  a n d  7 g  c a n  b e  c a l c u l a t e d  f o r  e a c h  e l e v a t i o n ,  
r e s  e a c h  e v e n t  t h e  a p p a r e n t  v e l o c i t i e s  t o  s e i s m o m e t e r s  7 , 8 
and 9  w e r e  o b t a i n e d  f o r  a  num ber o f  e l e v a t i o n s .  A ll t h e  
s e l e c t e d  s e i s m i c  e v e n t s  w e r e  a n a l y s e d  i n  t h i s  w a y ,  a n i  
F i g u r e s  4A t o  1 3 A  sh ow  som e o f  t h e  p l o t s  o f  a p p a r e n t  v e l o c i t y ,  
V, v e r s u s  e l e v a t i o n  r b o v e  r e e f ,  h .  The c u r v e s  m arked n e a r  and  
f a r  a r e  f o r  s e i s m o m e t e r s  7 and 8 ;  t h e  n e a r  c u r v e  i s  f o r  t h e  
s e i s m o m e t e r  t h a t  i s  n e a r e s t  t o  t h e  f o c u s  o f  t h e  s e i s m i c  e v e n t .
T h e r e  a r e  tw o  f a c t o r s  w h i c h  p e r m i t  t h e  d e t e r m i n a t i o n  o f  
t h e  e l e v a t i o n  o f  t h e  e v e n t ,  n a m e l y ,
a )  T h e  s e i s m o m e t e r  f u r t h e s t  f r o m  t h e  f o c u s  o f  t h e  s e i s m i c  
e v e n t  m u s t  s h e w  a n  a p p a r e n t  v e l o c i t y  h i g h e r  t h a n  t h e  
n e a r e r  o n e .  H e n c e  t h e  e l e v a t i o n  o f  t h e  e v e n t  m u st  be  
t i .  t h e  r i g h t  o f  t h e  i n t e r s e c t i o n  o f  t h e  n e a r  and  f a r  
c u r v e s .  T h i s  c o n d i t i o n  s t i l l  a p p l i e s  e v e n  i f  t h e  s t r a t a  
d i p  a  l i t t l e  r e l a t i v e  t o  t h e  s e i s m o m e t e r s ;  h o w e v e r ,  t h e  
f o c a l  p o s i t i o n  f o r  w h ic h  th e  a p p a r e n t  v e l o c i t i e s  a r e  
e q u a l ,  r e c u r s  a t  a s l i g h t l y  a s y m m e t r i c a l  p o s i t i o n .  I n  
p r a c t i c e ,  i t  may s o m e t i m e s  be n e c e s s a r y  t o  c h o o s e  an  
e l e v a t i o n  s l i g h t l y  t o  t h e  l e f t  o f  t h e  i n t e r s e c t i o n ,  
s i n c e  t h e r e  i s  f r e q u e n t l y  a  l i t t l e  u n c e r t a i n t y  i n  th e  
r e a d i n g  o f  t h e  s e i s m i c  r e c o r d s .
b )  From t h e  v e l o c i t y  c a l i b r a t i o n  f o r  s e i s m o m e t e r  8 ,  a
v e l o c i t y  o f  1 9 , 2 5 0  f t . / s e c .  w a s  o b t a i n e d  when t h e  c h a r g e
w a s  f i r e d  i n  t h e  r e e f  p l a n e  d i r e c t l y  b e lo w  i t ,  and
1 9 , 7 0 0  f t . / s e c .  w hen  t t v 1 c h a r g e  w as i n  t h e  r e f  f  p l a n e
f  and a  • • • •
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THE VARIATION OF APPARENT VELOCITY 
WITH ELEVATION ABOVE THE REEF PLANE
FIGURES 
l u A - 1  A
d  z e w
s e is m o B e t t r  7 . S e l . m o . ^ r  9 on  nun ,a c e .  Howovor, should
h aV e “  a P P a r e n t  ’ 6 l 0 C i ^  ° * = « t  6  p e r c e n t  l e e r  th a n  19,000  
f t . / s e c .
I n  F i g u r e s  4* t o  1 3 i  V .  1 .0  r e p r e s e n t s  a  v e l o c i t y  of 
1 9 , 0 0 0  f t , / s e c .  T h e  a r r o w s  i n d i c a t e  t h e  m o s t  l i k e l y  e l e v a t i o n  
s a t i s f y i n g  t h e s e  c o n d i t i o n s .  I t  c a n  b e  s e e n  t h a t  t h e r e  i s  good 
a g r e e m e n t  b e t w e e n  t h e  two c o n d i t i o n s  and t h a t  m o s t  o f  t h e  
e v e n t s  o c c u r r e d  w e l l  above t h e  r e e f  p l a n e .
-  137 -
a p p e n d i x  ?
In the Central ^ J .o U o n ,  planee p .6elllg throueh the 
- u s  project ae s t r a i t  U n ee. Tec planee at r ^ h t  a ^ l . e  
pasaing t.trough the focue p m ject as t . c  In tersecting  s t r a i t
„ neS St an angle 9 10 e‘ Ch The angles c ,  dip, g , and
02 n f the two Planes are related  to 6.
l e t  the projection  plane be the plane 2 .  o, with the 
locus a t (0 , 0 , - 1 ) .  and l e t  t „  „ „  and t , .  m„  n„  b.
the d irec t)o n  cosin es of the two planes, Figure 141(a).
Since the two planes are at right angles
* t + m, m, + n, n , = 0 
The equations of the two planes are 
% + m, y  + n, ( z + l ) = o
and t a x + m2 y + na (z + 1) = 0
The i n t e r s e c t i o n s  o f  th e s e  two p lan es  w ith the projection  
p lan e  z = 0 a r e
t ,  x  + m, y  + n ,  = 0  
t a x  + ma y  + n a = 0  
and  a r e  show n i n  F i g u r e  14A(fc).
C o n s i d e r  tw o  p o i n t s  C and D on  one p ro je c t io n  l i n e  and 
tw o  p o i n t s  E a n d  F on  t h e  o t h e r  l i n e
m,
E ( 0 ,  -  —& , 0 )  an d  F ( -  —  , 0 ,  0 )ID * v 9
t h e n c d  =  { -  I L l ,  —  ’ O j  ^  v # m J
= 1 -  r f  - 5 7  - 0 }
a n d  CD • EF = (CD) x (EF) Cob 0
I
I F
_ _ _ _ _
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THE CENTRAL PROJECTIONFIGURE 14a
--
- 1 3 9  -
C P - E J = / v 7 v  n ]T  T 7
V mi 2 V t , ® m T  108 6
n ,  n 2
V ^ ~ n i z V 1  ~  n 8 2 Cos  6
o in ce  -C^ * + m  ^% + n * = i
and i 3z + m,: + n,? = 1
Also CD * EF = n i n i + n i n 2
1, -t2 a ,  m2
n i n 2
t i t 2m.m2 + 1 , 1 , )
e  _ n , n. 
m.
Since  t , t 2 + + n n 2 = 0
thus
Cos 0 -  ri , " ,
V 1 ” n ’ 2 V 1 -  na2
I n  F ig u re  14A (c), c o n s id e r  th e  u n i t  v e c to r jg ,  normal to  
p la n e  1 .
a ,  = { 1 , ,  mt , n ,}
n = Cos a i « s i n  0 1
v  1 " n i* 
S i m i l a r l y  ~ ‘1?
V 1 -  n2*
Cos 0 , 
t a n  0 f
ta n  0 ,
Cos 0 = tan 0 , tan 0 2
§ E 5 E E  ~
C e n t r a l  P r o j e c t io n ,  and on ly  .h en  Coe = = « ,„  0 t o e  0 
a r e  th e  p la n es  a t  r i g h t  a n g le s .  N otice th a t  th e  t . o  
p r o j e c t i o n  l i n e s  must be on o p p o s ite  s id e s  of th e  o r ig in .
The t r a n s i e n t  sp e c tro g ra p h  o r  -M is s i ly z s r -  i s  an a*U o
S aUdl°  BPe° t r0 8 ra p h  » ^ h  produces p e m a n e n t ,  v i s u a l  
complex waveforms. Two d i f f e r e n t  an a ly se s  of th e  
re c o rd ed  d a t a  a r e  p o s s ib le  w ith  th e  " M is s i ly z e r " . The f i r s t  
a n a l y s i s  r e l a t e s  frequency and i n t e n s i t y  to  tim e and the 
re c o rd  i s  c a l l e d  a  " m ls s i lg ram " . The second a n a ly s is  r e l a t e s  
i n t e n s i t y  to  frequency  a t  a  p a r t i c u l a r  i n s t a n t  of tim e (
s  w id e r  dynamic range  th an  the  f i r s t )  and i s  r e f e r r e d  to  
a  s e c t i o n .
over
as
The M is s i ly z e r  was used in  the  5 to  500 c / s  range and 
15 to  1500 c / s  range co rre sp o n d in g  to  1.25 to  125 c / s  and 
1 , 75 to  575 c / s  se ism ic  s ig n a l  freq u en cy . The f a c t o r  of 4 
change in  f req u en cy  a ro s e  because th e  r e p la y  deck o f the 
s e ism ic  netw ork ra n  a t  a speed 4 tim es f a s t e r  than  the  
re c o rd  deck .
F ig u re  15A shows a  g e n e r a l  view of the  "M iss i ly zer"  
and F ig u re  16a shows s e c t io n s  and m iss i lg ram s fo r  a s in e  
wave, a sq u a re  wave and a t r i a n g u l a r  wave. The dynamic 
r a r v e  in  i n t e n s i t y  f o r  the  m lss i lg ram  i s  6 db. w hile  the  
dynamic ran  ,c i n  am plitude  f o r  th e  s e c t io n  i s  25 d b . : the
bandw idth  i s  5 c / s .  The am plitude  s c a le  i s  not c a l i b r a t e d , 
so  t h a t  i t  m erely  r e p r e s e n t s  r e l a t i v e  am plitude .
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F ig u re  17a The f requency  resp o n se  of the  H all-Seare  
model HS1 seism om eter.
F ig u re  18A C i r c u i t  diagram o f th e  reco rd  and replay  
a m p l i f i e r s .
ig u re  19A C i r c u i t  diagram  of th e  dev ice  perform ing
the  o p e ra t io n  (*T v a d t .
o
F ig u re  20A C i r c u i t  diagram  of the  d i g i t a l  c lo ck .
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FIGURE 17A THE FREQUENCY RESPONSE OF THE HALL-SEAR5 MODEL HS1 SEISMOMETER
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FIGURE 18A A CIRCUIT DIAGRAM OF THE RECORL AMD REPLAY AMPLIFIERS. IN THE RECORD AMPLIFIER, 
A REPRESENTS THE CABLE FROM THE SEISMOMETER TO THE RECORDER AND AN ATTENUATOR, 
AND B REPRESENTS A 3 OHM RECORDING HEAD. IN THE REPLAY AMPLIFIER, A REPRESENTS 
AN EQUALIZING NETWORK AND B REPRESENTS A 15 OHM GALVANOMETER.
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FIGURE 19a THE CIRCUIT DIAGRAM OF THE DEVICE WHICH PERFORMS THE OPERATION
FI OURS ?U A  CIRCUIT DIAORAV OF THE DIGITAL CTOCK. THE SERIES OF SWITCHES 
13 CONTROLLED BY A 3ERIBS OF CAMS DRIVEN BY AN ELECTRIC CLOCK 
MOTOR.
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